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Abstract 
The Southeast Asia region is mostly surrounded by active subduction zones in which the Australian plate, the 
Indian plate, and the Philippine Sea plate submerges beneath the continental plates and blocks. The Sunda block 
covers the large part of the Southeast Asia region, which comprises of Indochina, the South China Sea, the 
northeastern part of Sumatra, Borneo, the northern part of Java, and the shallow seas in between. In the southwest, 
The Sumatra block and the Sunda block are separated by the Sumatran fault, while the Sumatra block and the 
Australia plate are separated by the Sumatra trench. To the south, the Java block covers the southern part of Java 
Island, Bali Island, Lombok Island, and Sumba Island. One of the most important active deforming boundary is 
the Java subduction zone. The spatio-temporal distribution of slip deficit rate is important very much to elucidate 
the seismo-tectonics and to assess the seismic hazard risk in this area, since Java Island is world's most populous 
island which is home to 57 percent of the Indonesian population.  
In this study, I collect the GPS data in the whole Southeast Asia region as many as possible for the period from 
1994 to 2016, and process the original carrier phase data of GPS using GAMIT/GLOBK version 10.6 to obtain 
the consistent velocity field in the newer International Terrestrial Reference Frame, ITRF2008. The velocity field 
thus obtained is utilized to update the Euler rotation parameters of the Sunda block in ITRF2008, and confirms the 
boundaries of the Sunda block. Not only determining the rotation parameters of the Sunda block, I also model the 
long-term slip rates between the adjacent plate and blocks, the Sumatran fault, the Baribis-Kendeng fault, and the 
Trans-Borneo fault. In addition, I model the distribution of the slip deficit rates on the Sumatra subduction fault 
and the spatio-temporal distribution of slip deficit rates on the Java subduction fault. 
A geodetic inversion code, TDEFNODE is used to model simultaneously the block rotations, homogenous strain 
rates, and locking distributions on block-bounding faults. In this study, I assume four major blocks, the Sunda 
block, the Sumatra block, the Java block, and the West Makassar block together with the Australian plate. The 
blocks are divided as polygons based on the boundaries defined by Bird (2002) and Koulali et al. (2016), and some 
modification based on the knowledge of faulting and the velocity field. I used the slab model from Hayes et al. 
(2012) to represent the Sumatra and Java subduction faults. In order to express the slab surface beneath the Sumatra 
block, several nodes were located every 200 km along the iso-depth contours of the slab model with 20 km depth 
interval. The Sumatran fault has set to be full coupling in the depth range from 0 km 15 km and nine nodes along 
each iso-depth contour with an interval of 5 km are located based on the bending of the fault trace. On the Java 
subduction fault, the nodes have been located every 100 km along the iso-depth contours with an interval of 20 
km. The nodes in the other faults such as Baribis-Kendeng fault and Trans Borneo fault system are assumed to be 
fully coupling in the depth range from 0 km to 15 km. 
The combination of campaign and continuous GPS observations in the Southeast Asia reveal the long term block 
rotations and elastic deformation near the block boundaries. The results in this study suggest a model of block 
motion based on the GPS velocity fields that comprise the Sumatra, Sunda, Java, and West Makassar blocks in and 
around Indonesia. The estimated Euler pole parameters of the Sumatra and Sunda blocks are estimated as their 
locations at (37.4°S, 106.8°E) and (46.2°N, 89.4°W), respectively, and their angular velocities of 0.371°/Myr 
clockwise, and 0.327°/Myr counter clockwise, respectively. These parameters result in the slip rate of the Sumatra 
fault with magnitude of ~9 mm/yr. The Euler pole parameters of the Sunda block are successfully estimated with 
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the smallest estimation errors among the previous studies and this confirms that the block is rotating separately 
from the Eurasia plate. The parameters are quite similar to that estimated by Simons et al. (2007) but more reliable 
since I adopted the careful inversion based on the statistics. The homogenous strain estimated in the Sunda block 
explains the velocity field much better than without it and yields the residual velocities smaller than 2 mm/yr. 
The distribution of slip deficit rate on the Sumatra subduction fault is characterized by fully locking in the area 
between 97°E and 102°E in the depth range from 0 km to 60 km, which overlaps with the rupture area of the 1797 
Sumatra earthquake (M8.4) and the 2007 Mentawai earthquake (M 8.4). The distribution of slip deficit rate on the 
Java subduction fault demonstrates consistent deformation pattern throughout the period studied. In the first period 
from January 2007 to September 2009 a partially locked area is detected in the western part in the depth range 
from 10 km to 40 km with the rates of 20 – 45 mm/yr, which increased in the second period from September 2009 
to April 2012 by about 10 mm/yr, and then decreased in the third period from April 2012 to December 2016 by 
about 10 mm/yr. The partially locked area in the middle part is revealed with the rate of 20 – 50 mm/yr in the depth 
range of 20 – 50 km. In addition, a fully locked area exists in the south of Bali Island with the slip deficit rate of 
40 - 70 mm/yr even though there is no evidence of large earthquake in the last 100 years. The slip deficit rates 
from September 2009 to December 2016 are characterized by an elongated locking area that extend ~600 km in 
length from the middle to the east off Java Island including the deeper extension of the rupture area of the 1994 
Java earthquake (M7.8). Overall, the distributions of slip deficit rates in all periods suggest persistent interpolate 
coupling. This indicates no significant variations in the spatio-temporal distributions of slip deficit rates in the 
period concerned. 
  
iv 
 
Contents 
   
Acknowledgements  i 
Abstract  ii 
Contents  iv 
   
Chapter 1  Introduction 1 
1.1  Background of This Study……………………………………………………………. 1 
1.2  Objective of the Dissertation…………………………………………………………. 2 
    
Chapter 2  Tectonic Background 4 
2.1  Tectonics of Sunda Block…………………………………………………………….. 4 
2.2  Tectonics of Sumatra Block…………………………………………………………... 7 
2.3  Tectonics of Java Block………………………………………………………………. 10 
   
Chapter 3  Data and Processing 14 
3.1  Indonesian Permanent GNSS Station Network……………………………………….. 14 
3.2  SuGAr Network………………………………………………………………………. 14 
3.3  SEAMERGES Project………………………………………………………………... 17 
3.4  Earthquake Slip Vectors and Geological Slip Rates…………………………………... 17 
3.5  GNSS Data…………………………………………………………………………… 21 
3.6  GNSS Data Processing Strategy……………………………………………………… 21 
 3.6.1 GAMIT Solutions………………………………………………………… 21 
 3.6.2 GLOBK/GLORG Solutions……………………………………………… 21 
3.7  Time Series Analysis Method………………………………………………………… 22 
 3.7.1 Effects of Earthquakes……………………………………………………. 22 
 3.7.2 Model Parameters………………………………………………………… 29 
 3.7.3 Reference Frame Transformation………………………………………… 36 
 3.7.4 Error Estimation………………………………………………………….. 37 
   
Chapter 4  Kinematic Block Modeling 44 
4.1  Modeling of Block Rotation and Fault Coupling……………………………………... 44 
4.2  Block Modeling for the Period 1994 – 2004………………………………………….. 47 
4.3  Block Modeling for the Period 2007 – 2016………………………………………….. 58 
4.4  Checkerboard Resolution Test………………………………………………………... 66 
   
Chapter 5  Discussion 69 
5.1  Rotation of the Sumatra Block………………………………………………………... 69 
5.2  Characteristics of Sunda Block……………………………………………………….. 74 
5.3  Interplate Coupling beneath Java Block……………………………………………… 75 
v 
 
   
Chapter 6  Conclusions 85 
   
References  86 
   
Appendix A  92 
Appendix B  127 
Appendix C  131 
 
1 
 
Chapter 1 
Introduction 
1.1 Background of This Study 
The Southeast Asia region is mostly surrounded by active subduction zones in which the Australian plate, the 
Indian plate, and the Philippine Sea plate submerges beneath the continental plates and blocks. The largest part of 
the area is called as the Sunda block which covers Indo-china, some part of Sumatra, Borneo, some part of Java, 
and the shallow seas located in between (Simons et al., 2007). In the north, the Sunda block is bounded by the 
collision zone between the Eurasian plate. In the west, the Indian plate subducts beneath the Sunda block. In the 
south, the Sunda block is bounded by the Sumatran fault and the Baribis-Kendeng fault in Java Island. In the east, 
the West Makassar block and the Philippine Sea plate is the limit of the Sunda block. Hall and Morley (2004) 
suggested that the Sunda block presently moves as a coherent lithospheric block although its geological origin 
must not be monolithic. The interior of the Sunda block has been characterized by a very low seismicity consistent 
with strain rate lower than ~7 × 10-9 /yr estimated by Simons et al. (2007). 
Sumatra Island is divided into two parts: the northeastern part belongs to the Sunda block, while the southwestern 
part to the Sumatra block. This idea of the separation of Sumatra Island was firstly noted by Fitch (1972). The 
northeastern boundary of the Sumatra block is limited by the Sumatran fault, which is a trench-parallel strike-slip 
fault system accommodating obliquely convergent plate motion between the Sumatra block and the Australian 
plate (Yeats et al., 1997). In the southwest, the Sumatra block is bounded by the Sumatra trench where the Austalian 
plate subducts northward beneath the Sumatra bock. The convergence rate at the Sumatra trench is about 40 – 50 
mm/yr (McCaffrey, 2009). 
The Java block was firstly noted by Koulali et al (2016). The northern boundary of the Java block is the Baribis-
Kendeng fault system, which is suggested by Simandjuntak and Barber (1996) as a major thrust system including 
the Baribis and Kendeng thrusts and some segments of the fault system are considered as active faults. In the east, 
the Java block is bounded by an extension of the Sumatran fault. The Cimandiri fault was proposed as a 
prolongation of the Sumatran fault (Schlüter et al., 2002). However, there is no clear trend of seismicity to suggest 
the Cimandiri fault as an extension of the Sumatran fault. In the south, the Australian plate submerges beneath the 
Java block at a rate of approximately 58 – 65 mm/yr (Koulali et al., 2016). The historical records indicate that only 
two earthquakes larger than M7.5 recorded in the last 100 years, are the 1994 (M7.8) and the 2006 (M7.7) events 
(Bilek and Engdahl, 2007). The convergence direction across the Java trench is almost orthogonal. This is differed 
from the Sumatra trench, which shows the oblique plate convergence. To date, the slip partitioning across the Java 
trench remains unclear as to whether the parallel component of displacement is taken up by the trench or is 
accommodated by the Java block (Koulali et al., 2016).  
By using high precision GPS measurements, the crustal motions can be accurately determined. Many GPS studies 
recently published have defined the Sunda block as an independent block (Sella et al., 2002; Bock et al., 2003; 
Kreemer et al., 2003; Simons et al., 2007). However, there are still significant discrepancies in the location of its 
boundaries and its rotation pole. The latest study of the Sunda block motion (Simons et al., 2007) yielded the Euler 
rotation parameters in the International Terrestrial Reference Frame, ITRF2000 (Altamimi et al., 2002).  
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Hanifa et al. (2014) inverted the GPS velocity field obtained by 13 sites in the western part of Java for the period 
from January 2008 to December 2010 to reveal the pattern of inter-seismic locking on the Java subduction fault. 
Their velocities were transformed into the Sunda block reference frame obtained by Simons et al. (2007), and 
processed by the geodetic inversion method by Yabuki and Matsu’ura (1992). The resulting slip deficit/excess rate 
ranges from -63 to 75 mm/yr. even though their study area was limited in the western part of Java Island. 
Koulali et al. (2016) presented a rather simple kinematic model of the Java block using GPS data for the period 
from 2008 to 2014. A geodetic inversion code, DEFNODE (McCaffrey, 2005) was used to invert the GPS velocity 
field to estimate simultaneously the fault slip rate and Euler rotation vectors. The obtained fault-normal 
convergence rates across the Java trench show an increase from 58 mm/yr in the western section to 65 mm/yr 
around the south of Bali Island. The Baribis fault yielded an average slip rate of 6 mm/yr and 2 to 4 across the 
Kendeng fault. The spatio-temporal distribution of the interseismic coupling on the Java subduction fault was not 
estimated in their study taking account of the limiting resolution of the inversion, but assumed as uniformly and 
fully coupling rate on it.  
1.2 Objective of the Dissertation  
In this study, I collect the GPS data in the whole Southeast Asia region as many as possible for the period from 
2007 to 2016, and process the original carrier phase data of GPS to obtain the consistent velocity field in the newer 
International Terrestrial Reference Frame, ITRF2008 (Altamimi, 2011).  The velocity field thus obtained is utilized 
to update the Euler rotation parameters of the Sunda block in ITRF2008, and define new boundaries of the Sunda 
block. Not only determining the rotation parameters of the Sunda block, I also model the spatio-temporal 
distribution of slip deficit rate between the adjacent plate and blocks, the Australian plate, the Sumatra block (along 
the Sumatra fault), the Java block (along the Baribis-Kendeng fault), and the West Makassar block. The spatio-
temporal distribution of slip deficit rate is important very much to elucidate the seismo-tectonics in the area. 
Especially, that across the subduction fault beneath Java Island, which is home to 57 percent of the Indonesian 
population and is the world's most populous island, serves invaluable information to assess the seismic hazard risk.   
This thesis consists of 6 Chapters: starting with this introductory chapter followed by Chapter 2 explaining about 
the tectonic background of the Sunda block, the Sumatra block, and the Java block, together with the historical 
earthquakes along their boundaries.  
In Chapter 3, I describe the GPS data set used in this study, how to analyze GPS data in the study area, GPS time 
series treating, and GPS velocities calculation. 
Chapter 4 demonstrates the results of the block modeling and the interplate locking model in the Sumatra and the 
Java subduction zones obtained by inversion analyses of the GPS velocities to solve for the Euler rotation 
parameters of some blocks well constrained, and the slip deficit rate distribution on the plate/block interfaces. 
Chapter 5 discusses the results of modeling and interprets the distribution of the slip deficit on the Sumatra and 
Java subduction faults. I also compare the resulting model with the previous model for the Sumatra, the Sunda, 
and the Java blocks. 
Finally, Chapter 6 summarizes the achievement of this study. 
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Figure 1.1 Map showing seismicity, geographical information including major faults in the Southeast Asia region. 
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Chapter 2 
Tectonic Background 
2.1 Tectonics of Sunda Block 
The Sunda block covers the large part of the Southeast Asia region, which comprises of Indochina, the South China 
Sea, the northeastern part of Sumatra, Borneo, the northern part of Java, and the shallow seas in between (Figure 
2.1). Most of the boundaries of the Sunda block have been previously identified (Kreemer et al., 2000; Michel et 
al., 2001; Bock et al., 2003; Bird, 2003; Simons et al., 2007) as well known active fault zones. Earthquake slip 
vectors can be used to model the kinematic motion across the boundary between the adjacent plates, since the 
Sunda block is separated by the subduction zones in most of its boundaries. However, slip vectors can be 
misleading if there is slip partitioning in an oblique subduction zone (Bird, 2003). In order to accurately determine 
the block motion, the use of high precision space geodesy is necessary. 
In the north, an actively deforming region lies in the Sunda block boundaries where the continental collision occurs 
between the Eurasia plate and the Sunda block. The inland boundary of the Sunda block must lie in the north of 
GPS stations NONN in Vitenam and CHON in Thailand (Rangin et al., 1999). However, this boundary does not 
seem to extend farther than 30°N since Heki et al. (1999) found that several GPS stations to the south of the Amur 
plate have a coherent velocity with east-southeast direction respect to the Eurasia plate, and thus different from the 
velocity of the Sunda block. Here, the northern boundary of the Sunda block has been drawn as the northern extent 
of the aseismic region and of the smooth topography in Indochina, and then continues to the continental/oceanic 
boundary along the northern margin of the South China Sea (Bird, 2003). 
In the west, a right lateral fault system from Myanmar to Sumatra lie in the Sunda block boundary. This fault 
system includes the Sagaing fault (Le Dain et al., 1984; Peltzer and Saucier, 1996), the Andaman fault system 
(Curray et al., 1979; Weissel, 1981), and the Sumatran fault (Sieh and Natawidjaja, 2000; McCaffrey, 2002). The 
western part of the Sunda block is considered to be the oldest part of the block and was assembled in the Late 
Palaezoic and Triassic (Metcalfe, 2011). 
In the south, the Sunda block is separated from the Java block by the Baribis-Kendeng fault system (Simandjuntak 
and Barber, 1996). Some segments are considered to be active fault system (Simandjuntak and Barber, 1996). 
However, these active structures are difficult to be identified precisely since there are only a few significant 
earthquakes have occurred in the last century. 
In the east, the Sunda block is limited by the West Makassar block and the Philippine trench. The high strain rates 
between Borneo and Sulawesi Islands show that the entire Sulawesi Island is not a part of the Sunda block (Socquet 
et al., 2006). However, small eastern part of Borneo is considered to be a part of the West Makassar block, where 
Koulali et al. (2016) has divided this part from the main Makassar block (Socquet et al., 2006) into the East and 
the West Makassar block following the southern extension of the Walanae fault and the Selayar trough (Camplin 
and Hall, 2014). The Sunda block and the West Makassar block are separated by a fault system called as the Trans-
Borneo fault system (Simons et al., 2007). This boundary extends to the northeast following the Sulu, Negros, and 
Manila trenches located along the west coast of Philippine islands. 
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Currently, the interior of the Sunda block is almost devoid of seismicity and volcanic activity. Seismicity (Engdahl 
et al., 1998) and GPS measurements (Michel et al., 2001; Bock et al., 2003; Simons et al., 2007) suggest that the 
Sunda block is moving slowly relative to the Eurasian plate. The characteristics of the deep crust and the mantle 
beneath the Sunda block is very different from the nearby continental regions such as the India plate and the 
Australia plate (Hall and Morley, 2004). The Sunda block is not underlain by a thick cold lithosphere. P and S 
wave seismic tomographies (Ritsema and van Heijst, 2000) show that an area of low velocities was identified in 
the lithosphere and underlying asthenosphere, in contrast to the Indian and Australian lithosphere. Much of the 
Sunda block interior has high surface heat flow typically greater than 80 mW/m2 (Hall and Morley, 2004). Based 
on the upper mantle velocities and heat flow observations from Hall and Morley (2004), the Sunda block is 
underlain by a thin and weak lithosphere that extends many hundreds of kilometres from the volcanic margins but 
is probably a long-term consequence of subduction (Currie and Hyndman, 2006) beneath the Sunda block. In the 
east and the south subduction zone of the Sunda block where the Phillipine Sea plate and the Australia plate 
submerge beneath the Sunda block, the lithosphere is heterogeneous, weak, and also very responsive to plate 
boundary forces (Hall, 2014).  
There are many studies that tried to estimate the rotation of the Sunda block before the 2004 Sumatra earthquake 
(M9.2). Euler rotation of the Sunda block by Wilson et al. (1998) and Simons et al. (1999) had poorly defined 
reference frames. Michel et al. (2001) used the Nuvel-1A NNR reference frame for the Eurasia instead of ITRF 
for the Sunda block relative motion. In the work of Sella et al. (2002), they used only three IGS stations to model 
the Sunda block. However, one of these sites is located in China region which is another actively deforming region 
and generally considered to be an independent block demonstrating different movement from the Sunda block. 
Thus the Euler rotation is poorly modeled by only two sites in the Sunda block. Since Kreemer et al. (2003) used 
the same GPS velocities as Michel et al. (2001) and added one IGS station NTUS in the NNR reference frame, the 
model of the Sunda block rotation is similar to the result of Michel et al. (2001). Bock et al. (2003) used 16 GPS 
velocities to estimate the Sunda pole rotation in ITRF2000. However, the solution seems constrained only by three 
stations, BAKO station which is located in Java Island and the other two stations SHAO and WUHN in the northern 
part of China which is not in the part of the Sunda block (Simons et al., 2007).  
In the study of Simons et al. (2007), the Sunda block rotation parameters were estimated by excluding the GPS 
velocity fields in the deforming boundaries. The result of the Euler rotation is referenced into ITRF2000 with 28 
GPS sites. From these previous studies, the concept that the Sunda block is moving independently is commonly 
accepted. Generally, the absolute pole locations and the angular velocities of the Sunda block in these studies are 
close each other. However, the result of relative motion of the Sunda block to the Eurasia plate is still poorly 
constrained because many different Eurasian absolute pole has been derived (Altamimi et al., 2002; Bock et al., 
2003; Calais et al., 2003). Here in this study, we focus to model the absolute pole of the Sunda block in ITRF2008 
and include the actively deforming region in the south and the southwestern boundary of the Sunda block. 
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Figure 2.1 Tectonic map in Southeast Asia. Dark red solid lines show the active faults. Orange vectors show the 
relative velocities between Indian and Eurasian plates. Red vectors show the Australian-Eurasian plate 
velocities. Dark Blue vectors show the Australian-Sunda plate velocities. Light blue vectors show the 
relative motion of the Sunda-Eurasia boundary. Gray vectors show the Sumatra-Sunda block relative 
motion (McCaffrey, 2009). 
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2.2 Tectonics of Sumatra Block 
The Sumatra block and the Sunda block are separated by the Sumatran fault which runs through the mountain 
ranges in Sumatra Island called as the Barisan Mountains (Figure 2.2). Along the Barisan Mountains, active 
volcanoes exist above depth contours of the subducting plate ranging from 100 to 150 km (Sieh and Natawidjaja, 
2000). The Sumatra fault is purely strike-slip and has been segmented well with 1800 km long (Sieh and 
Natawidjaja, 2000). From 19 segments in total, most of the segments are less than 100 km long, while only 2 
segments are longer than 200 km, and the magnitudes of the past earthquakes that ever occurred along the fault 
tend to be limited to M~7.5 or smaller (Sieh and Natawidjaja, 2000). The largest event is the 1892 earthquake (M 
7.7) that produced dislocations of at least 2 m (Reid, 1913).  
An updated geological slip rates yield the slip rate of 14.1 mm/yr at 2.3°N and 14.5 mm/yr at 0.2°S, while GPS 
observations suggest ~15-16 mm/yr slip rate (Bradley et al. 2017). Generally the slip rates estimated from the 
previous geological studies and the geodetic increase from the southeast to the northwest but differ in the detail. 
The geometry of the Sumatran fault may cause the slip rate variation. Finite element modeling by McCaffrey et al. 
(2000) suggests that the downdip shear stress distribution on the subduction interface mainly controls the slip 
localization on the block boundary. 
Several fault systems running in the middle of the forearc islands (e.g., the Mentawai and Batee faults in Figure 
2.2) have also been proposed to accommodate some strike-slip motion (McCaffrey et al., 2000; Collings et al., 
2012), though Sieh and Natawidjaja (2000) give evidence that this system is currently inactive. 
Intensive geophysical studies have deepened our understanding of seismic coupling and vertical motions along the 
forearc side of the Sumatra block (Natawidjaja et al., 2004, Natawidjaja et al., 2006). However, structural and 
kinematic analyses around the Sumatran fault need to be improved for the better seismic hazard assessment. 
In the south, the Sumatra block and the Australia plate are separated by the Sumatra trench where the Australia 
plate starts to submerge northward beneath the Sumatra block. Convergence rate at the Sumatra trench is about 40 
to 50 mm/yr (McCaffrey, 2009). The movement parallel to the trench is partly (~ 2/3) accommodated by strike-
slip movement along the Sumatra fault (Chlieh et al., 2008), and partly (~ 1/3) by full margin parallel motion 
probably between the forearc islands and the trench (McCaffrey et al., 2000).  
Earthquake activity around the Sumatra block is driven by multiple sources: thrust earthquakes on the subduction 
fault, strike-slip earthquakes on the Sumatran fault, deeper earthquakes within the subducting lithosphere, and 
volcanic earthquakes (McCaffrey, 2009). The average dip angle of the subduction fault estimated from the 
hypocenters is ∼20°, and the thrust earthquakes are observed down to depths of ∼50 km or greater (McCaffrey, 
2009). In the past two centuries, the Sumatra subduction zone has produced 16 notable and damaging earthquakes 
(Figure 2.3). The largest earthquakes have the approximate magnitudes of 8.9 in 1833 and 8.5 in 1861. The locking 
interface before the 2004 Sumatra-Andaman Islands Earthquake (M9.1) is shown by the blue area in Figure 2.3. 
As in the historical record of the earthquakes, this locking area includes the source area of the 2005 Nias earthquake 
(M8.6) and the 2007 Mentawai earthquake (M8.4).  
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Figure 2.2 Tectonic map of around Sumatra Island. Triangles indicate active volcanoes. Red lines are faults. BI: 
the Banyak Islands, BF: the Batee fault, MB: the Mergui Basin, MF: the Mentawai fault, SF: the 
Sagaing fault, SFS: the Sumatra fault system, SS: the Sunda strait, WAF: the West Andaman fault 
(McCaffrey, 2009). 
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Figure 2.3 Map of the Sumatra subduction zone showing source areas of the past major earthquakes and the 
strongly coupled area on the subduction fault prior to the 2004 Sumatra-Andaman Islands Earthquake 
(M9.1) (McCaffrey, 2009). 
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2.3 Tectonics of Java Block 
The Java block covers the southern part of Java Island, Bali Island, Lombok Island, and Sumba Island. The adjacent 
blocks of the Java block are the Sumatra block in the west, the Sunda block and the West Makassar block in the 
north, the Timor block in the east (Bird, 2003), and the Australia plate in the south. In the southern boundary, the 
Australian plate subducts beneath the Java block at the Java trench almost perpendicularly and slightly obliquely 
in the western part. The slip partitioning across the Java trench remains unclear as to whether the trench-parallel 
component of displacement is taken up by the trench or is absorbed by the overriding plate (Koulali et al., 2016). 
The total convergence rate across the Java trench is higher than that across the Sumatra subduction zones. However, 
the Java subduction zone has exhibited quite low seismic activity in the last couple of centuries. The possibility 
that explained this fact is that the seismic energy on the Java subduction zone has been released aseismically.  
The past geodetic studies have focused on a local spatial scope for identifying the potential deformation sources 
(Abidin et al., 2009; Meilano et al., 2012) and deriving the inter-seismic coupling along the western part of Java 
trench (Hanifa et al., 2014). Recently, Koulali et al. (2016) modeled the kinematics of the Java block and 
demonstrated the distribution of the deformation within the Java block by using GPS velocity field covering the 
entire of Java Island. They, however, assumed the uniform interseismic coupling rate on the Java subduction 
boundary. 
There are still lack of the detailed information about the crustal structures onshore of Java Island. Simandjuntak 
and Barber (1996) suggested that some segments of the Baribis-Kendeng fault are still active. In the southwest of 
Java Island, the Cimandiri fault was proposed as an active sinistral strike-slip fault forming the conjugate of the 
NW–SE prolongation of the Sumatran fault (Schlüter et al., 2002). However, it is difficult to identify the active 
deformation pattern related to the Cimandiri fault because the lack of seismicity. Hall et al. (2007) indicated that 
the Cimandiri Fault does not show the dominant surface characteristics of a strike-slip fault and that it is more 
likely a thrust structure which is not active at present. The Central Java Fault (CJF) is another strike-slip fault 
trending NE–SW, marking the transition from central Java to the eastern Kendeng Basin (Hoffmann-Rothe et al., 
2001). 
Earthquake activity around Java Island has four sources: shallow crustal earthquake (e.g. the 2006 Yogyakarta 
earthquake (M6.3)), intraslab earthquake (e.g. the 2009 Tasikmalaya earthquake (M7.0), the 2007 Indramayu 
earthquake (M7.5)), and tsunami earthquake (e.g. the 2006 Java tsunami earthquake (M7.8). Only two significant 
tsunami earthquakes occurred in the Java subduction zone in the last 100 years, the 1994 (M7.8) and 2006 (M7.7) 
as shown in Figures 2.4 and 2.5 (Abercrombie et al., 2001; Bilek and Engdahl, 2007). Both earthquakes caused 
deadly tsunami run-ups with 13 m  and 8 m average run-up in 2006, respectively (Mori et al., 2007; Fritz et al., 
2007). One characteristic of tsunami earthquakes is a long rupture duration, and these two events meets that criteria 
with durations of 80–90 s for the 1994 event (Abercrombie et al., 2001) and ~180 s for the 2006 event (Ammon et 
al., 2006) obtained through waveform inversion techniques. 
The 1994 event occurred at about 200 km south off the eastern Java coast (Figure 2.4). Aftershocks was distributed 
around the shallow part of the subduction interface near the trench, ranging about ~120 km in E-W direction and 
~100 km in N-S direction (Tsuji et al., 1995), and was dominated with normal faulting. Abercrombie et al. (2001) 
suggested that the earthquake involved slip on a locked patch due a subducted seamount. The 2006 Java earthquake 
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occurred similarly at about 200 km south off but the western Java coast (Figure 2.4). Aftershocks were 
characterized mostly by normal faulting near the trench. Bilek and Engdahl (2007) found no subducting seamounts 
in the rupture area of the event.  
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Figure 2.4 (a) Tectonic map of Java Island, showing major faults (after Koulali et al., 2016). Focal mechanisms 
for the 1994 and 2006 earthquakes are from the GCMT catalog. Ct: Citandui Fault, Cm: Cimandiri 
Fault, CJF: Central Java Fault, ORF: Opak River fault. (b) Schematic subsurface structure on the north-
south cross-section along the broken line in Fig. 2.4a (after Koulali et al., 2016). 
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Figure 2.5 Slip distributions for the 1994 and 2006 events projected onto regional bathymetry (after Bilek and 
Engdahl, 2007). Large slip regions for the 1994 event are close to high regions, likely subducted 
seamount, while no correlation between the slip distribution of  the 2006 event and the bathymetry 
around (Bilek and Engdahl, 2007). 
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Chapter 3 
Data and Processing 
3.1 Indonesian Permanent GNSS Station Network 
The continuous GPS observation network in Indonesia was firstly established by Geospatial Information Agency 
(BIG) for refining and densifying the national geodetic network of Indonesia (Subarya, 2004). This network 
usually called as the Indonesian Permanent GNSS Station Network (IPGSN).IPGSN has been started with three 
stations in West Java, North Sumatra (SAMP in Figure 3.2), and South Sulawesi in 1996 (Abidin et al, 2010). The 
purpose of the network is to maintain the national geodetic reference frame over the whole Indonesia, to monitor 
crustal deformation and sea level change, and to utilize for meteorology purposes and safety navigation system 
(Subarya et al., 2010). The IPGSN was rapidly developed after the M9.1 Sumatra-Andaman Islands Earthquake 
of 26 December 2004, as a part of the Indonesia Tsunami Early Warning System (InaTEWS) (Abidin, 2010). The 
network consists of 51 stations by October 2009 (Figure 3.1). 
3.2 SuGAr Network 
The Sumatran GPS Array (SuGAr) was initially established in 2002 by collaboration between the California 
Institute of Technology (Caltech), USA and the Indonesian Institute of Sciences (LIPI), and is now maintained by 
the Earth Observatory of Singapore (EOS) and LIPI in order to monitor the highly active plate subduction zone. It 
consists of 48 permanent GPS stations in the end of 2012 (Figure 3.2). The SuGAr spans more than a thousand 
kilometers along the convergent plate boundary between the Indo-Australian plate and the Sumatran block. The 
vast majority of the SuGAr stations are located on the fore-arc islands and the west coast of Sumatra. The SuGAr 
network has been able to record the spatial pattern of coseismic, and postseismic deformation associated with not 
only large to great earthquakes (M ≥ 7) but also many moderate earthquakes (6 ≤ M < 7) in unprecedented detail 
(e.g. Feng et al., 2015).  
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Figure 3.1 Maps showing the distribution of IPGSN stations in Indonesia (top) and around Java Island (bottom) 
after Subarya (2013). Symbols indicate the type and year of installation of the stations. 
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Figure 3.2 Location map of the SuGAr stations. Colors indicate the years of installation. Black squares represent 
the IPGSN station, SAMP and the IGS station, NTUS (Feng et al., 2015). 
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3.3 SEAMERGES Project 
South-East Asia Mastering Environmental Research with Geodetic Space Techniques (SEAMERGES) is a project 
under the ASEAN-EU University Network program (AUNP) funded by the European Committee (EC). It started 
1 January 2004 and ran for two years. The aim of the SEAMERGES project is to encourage more comprehensive 
and efficient studies in the region of SE-Asia in the fields of space geodesy, geodynamics, and the assessment and 
monitoring of environmental risks (http://www.deos.tudelft.nl/seamerges/). The SEAMERGES project was the 
expansion of GEODYSSEA (Geodynamics of South and Southeast Asia Project) with European, Indonesian, 
Japanese, Malaysian, and Thai researchers to collect data from more than 100 sites (Figure 3.3) both campaign 
and continuously operated stations (Simons et al., 2007). 
3.4 Earthquake Slip Vectors and Geological Slip Rates 
Slip vectors from some significant earthquakes that occurred along the Sunda trench (including the Java and 
Sumatra trenches) and the Sumatran fault (Table 3.1) and geological slip rates on the Sumatran fault (Table 3.2) 
are also used in this study. A slip vector represents the direction of motion across a fault plane, where one side of 
the fault moves with respect to the other and can be calculated from the nodal plane parameters that are archived 
at https://earthquake.usgs.gov/earthquakes/eventpage by using equation 3.1, 
∝= tan−1 (
−cos𝜙𝑠cos𝛿sin𝜆 + sin𝜙𝑠cos𝜆
sin𝜙scos𝛿sin𝜆 + cos𝜙scos𝜆
) (3.1) 
In the equation above, ϕs is a direction of the surface intersection of the fault measured clockwise from the north 
(0°–360°), termed as strike. δ is a slope angle of the foot-wall block measured from horizontal (0°–90°), termed 
as dip. λ is the direction of fault movement measured counter-clockwise from strike (-180° – 180°), termed as rake. 
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Figure 3.3 SEAMERGES network in Southeast Asia. Open triangles represent the GEODYSSEA stations, while 
solid triangles indicate the additional stations by the SEAMERGES project (after Simons et al., 2007). 
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Table 3.1 Slip vectors calculated from nodal plane parameters of major earthquakes. 
Longitude (°) Latitude (°) Slip Vector (°) Origin Time Depth (km) M 
Fault 
Type 
104.30 -4.97 135.00 1994-02-15 23.1 6.9 S-SF 
100.50 -0.49 149.69 2007-03-06 19.0 6.4 S-SF 
99.15 1.64 150.98 2008-05-19 10.0 6.0 S-SF 
101.52 -2.48 142.55 2009-10-01 9.0 6.6 S-SF 
95.91 4.93 130.00 2013-01-21 12.0 6.1 S-SF 
95.98 3.30 221.84 2004-12-26 13.5 9.1 R-ST 
97.11 2.09 221.70 2005-03-28 30.0 8.6 R-ST 
100.84 -2.63 214.18 2007-09-12 35.0 7.9 R-ST 
101.37 -4.44 219.77 2007-09-12 34.0 8.4 R-ST 
97.05 2.38 216.90 2010-04-06 31.0 7.8 R-ST 
100.08 -3.49 227.94 2010-10-25 20.1 7.8 R-ST 
112.84 -10.48 187.07 1994-06-02 18.4 7.8 R-JT 
107.42 -9.28 197.04 2006-07-17 20.0 7.7 R-JT 
110.37 -9.05 191.47 2006-09-21 25.0 6.0 R-JT 
105.63 -6.55 197.28 2000-10-25 38.0 6.8 R-JT 
107.39 -8.20 190.91 2016-04-06 29.0 6.1 R-JT 
Fault Type: S is strike slip. R is reverse. SF is Sumatra fault. ST is Sumatra trench. JT is Java trench 
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Table 3.2 Geological slip rates along the Sumatran fault 
Longitude 
(°) 
Latitude 
(°) 
Slip Rate 
(mm/yr) 
References Type of Observed Offsets 
98.8 2.3 14.1 ± 0.5 Bradley et al. (2017) Mapped deflected river channels and ridge 
crests 
99.2 1.6 7-14 Hickman et al. (2004) Mapped lateral offset of a dacite dome 
100.1 1.0 17 ± 6 Bellier and Sébrier (1994) Degree of degradation of the Quaternary 
fault escarpments observed on the high 
resolution SPOT images 
100.2 -0.2 14.5 ± 0.5 Bradley et al. (2017) Mapped deflected river channels and ridge 
crests  
102.6 -3.5 11 ± 5 Bellier and Sébrier (1994) Degree of degradation of the Quaternary 
fault escarpments observed on the high 
resolution SPOT images 
104.2 -5.1 5.5 ± 1.9 Bellier et al. (1999) Tectonic lineament mapped on SPOT 
imagery 
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3.5 GNSS Data 
In this study, GNSS data from several sources for the period from 1994 through 2016 are used: 68 IPGSN stations 
for the period from January 2007 to the end of 2016 (Figure 3.4), 28 International GNSS Service (IGS) stations 
(Figure 3.5) for the period from January 2007 to December 2016, 7 SuGAr stations (Figure 3.6) for the period 
from January 2002 through December 25, 2004 (before the Sumatra-Andaman Islands Earthquake, M9.1). Figure 
3.7 demonstrates the data availability of the IPGSN stations. The IGS data are archived at the Scripps Orbit and 
Permanent Array Center (SOPAC), University of California, San Diego (UCSD), USA 
(ftp://garner.ucsd.edu/pub/rinex) and the SuGAr data are available at ftp://eos.ntu.edu.sg/SugarData. 38 GNSS 
velocities from the SEAMERGES network in the ITRF2005 (Simons et al., 2007) for the period from 1994 through 
December 26, 2004 (Figure 3.8) are also used. 
3.6 GNSS Data Processing Strategy 
The IPGSN and the IGS data are processed using GAMIT/GLOBK version 10.6 (Herring et al., 2015) developed 
by the Department of Earth Atmospheric and Planetary Sciences, Massachusetts Institute of Technology (MIT), 
Scripps Institution of Oceanography (SIO) of UCSD, and Harvard University with support from the National 
Science Foundation. 
3.6.1 GAMIT Solutions 
GNSS carrier phase observables from each station are used to estimate the 3-dimensional Cartesian coordinates 
and the integer phase ambiguities by applying loose constraints to the parameters: 6 orbital elements, semi-major 
axis, eccentricity, inclination, longitude of ascending node, argument of perigee, and mean anomaly are fixed and 
the Earth orientation parameters (pole position and rate and UT1 rate), the atmospheric zenith delay and its 
horizontal gradients at each station, the IGS elevation dependent antenna models, the ocean loading, and solid 
Earth tides are given from the models. The GNSS stations were grouped into several networks with at least four 
overlapping tie stations to combine the individual network solutions. The maximum number of stations per 
network was set to 20. This step produced the RMS (root mean square of residuals per degree of freedom) of 
coordinate components for each station below 15 mm and the normalized RMS for all solutions are ~0.2. 
3.6.2 GLOBK/GLORG Solutions 
The unconstrained parameters including the covariance matrices from GAMIT solutions were input into the 
GLOBK Kalman filter, which combines those loosely constrained parameters and applies uniform constraints to 
all parameters to derive final combined solutions in the reference frame ITRF2008 for the station coordinate 
estimates for each daily solution (Dong et al., 1998; Herring, 2015) and to estimate six components of a Helmert 
transformation (3 translation and 3 rotation). It has been done by using the stable stations in the list included in 
GAMIT software out of 28 IGS stations for each epoch. Basically, it was an iterative process, in which four 
iterations were used to eliminate bad stations and to calculate station weights for the reference frame stabilization 
(Nikolaidis, 2002).  
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Each time series was cleaned using an outlier detection that excluded the outliers exceeding 95 % of confidence 
level (2 sigmas) and with uncertainties larger than 10 mm for the horizontal components and 20 mm for the vertical 
ones.  
For a regional analysis including only a few IGS stations, obtaining the best time series usually requires an iterative 
process (Herring, 2000). In the final step, I recalculated the time series of the station coordinates using the same 
scheme of adjustment by giving a priori coordinates for each daily epoch of any stations from the previous step. 
This process allows us to remove common-mode errors without choosing a single reference station. 
3.7 Time Series Analysis Method 
In general, a time series of GNSS site coordinates consists of three major signals, inserseismic site velocities, 
seasonal variations, and earthquake-related signals including coseismic and postseismic deformation (Feng et al., 
2015). The interseismic velocities can be described as a linear term before or even after earthquakes. The seasonal 
variations can be expressed by superposition of sinusoidal terms with constant amplitudes and may be attributed 
to some different sources such as gravitational excitation, thermal and hydrodynamics, local site errors, and model 
errors (Dong et al., 2002; Watson et al., 2002). Since the seasonal signals are modeled in the GAMIT solutions as 
the solid Earth tides and/or the atmospheric zenith delay to some extent, they should be already small. The largest 
impact of the seasonal signals exists in vertical component. 
The coseismic signals can be represented by offsets in the time series. The postseismic deformation can be 
attributed to after slip, viscoelastic response, or poroelastic response (e.g. Feigl and Thatcher, 2006). Detailed 
studies are necessary to distinguish which source is dominant and it is beyond the scope of this study. Instead an 
exponential formula is used to represent postseismic deformation in the time series in order to quantify the pattern 
of postseismic processes, even though this formula cannot examine the driving mechanisms.  
3.7.1 Effects of Earthquakes 
Some offsets are found in the time series obtained at the stations nearby significant earthquakes especially those 
of the IPGSN stations (Figure 3.9). At least two major earthquakes, the M7.0 Java Earthquake of 2 September 
2009 and the M8.6 off the west coast of northern Sumatra Earthquake of 11 April 2012 affected the time series in 
the data period. Beside of these earthquakes, the possibility of ongoing postseismic deformation due to the M 7.7 
Java Earthquake of 17 July 2006 was examined by using statistical tests.  
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Figure 3.4 Map of the IPGSN stations used in this study. The colors show the year of installation. 
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Figure 3.5 Map of IGS stations used in this study. 
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Figure 3.6 Map of the SuGAr stations used in this study.  
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Figure 3.7 Diagram showing data availability of the IPGSN sites used in this study. 
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Figure 3.8 Map of the SEAMERGES velocities after Simons et al. (2007).   
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Figure 3.9 Coordinate time series of BAKO station which has the longest time span. The vertical black lines show 
the earthquake occurrences of the M7.0 Java Earthquake of 2 September 2009 and the M8.6 off the 
west coast of northern Sumatra Earthquake of 11 April 2012, respectively. 
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3.7.2 Model Parameters 
Linear trends, annual and semiannual noise components, coseismic offsets, and postseismic signals can be 
simultaneously estimated by applying the least square fitting to the time series. The time series are examined in 
three scenarios: the first one using a linear and seasonal terms (Sc1). Then the observed displacement y(ti) of each 
station and component can be written as 
𝑦(𝑡𝑖) = 𝑎 + 𝑏𝑡𝑖 + 𝑐sin(2𝜋𝑡𝑖) + 𝑑cos(2𝜋𝑡𝑖) + 𝑒sin(4𝜋𝑡𝑖) + 𝑓cos(4𝜋𝑡𝑖) + 𝑣𝑖  (3.2) 
where ti (i = 1,…,N) is a time in the unit of decimal years, N is the number of the daily solutions. The terms of a 
and b are the site coordinate at ti=0 and linear rate, respectively. The coefficients c and d are the coefficients of the 
annual components, and e and f are those of semiannual ones. The vector vi is the residual between the observed 
and the calculated displacements.  
The second one, coseismic offsets caused by the significant earthquakes (the 2009 Java earthquake, M7.0 and the 
2012 Sumatra earthquake, M8.6), are added to the Sc1. Here the time series are divided into two periods to examine 
the potential coseisimc  offset caused by the 2009 event or the 2012 event: (1) from the first epoch prior to the 
occurrence of the 2012 event (Sc2-1), and  (2) after the occurrence of the 2009 event until the last epoch (Sc2-2). 
The equation of this model can be written as  
𝑦(𝑡𝑖) = 𝑎 + 𝑏𝑡𝑖 + 𝑐sin(2𝜋𝑡𝑖) + 𝑑cos(2𝜋𝑡𝑖) + 𝑒sin(4𝜋𝑡𝑖) + 𝑓cos(4𝜋𝑡𝑖) + 𝑔𝐻(𝑡𝑖 − 𝑇) + 𝑣𝑖 (3.3) 
where the coseismic offset due to the earthquake in each period is modeled as its magnitudes g and T represents 
the occurrence time of the event (2009.6685 or 2012.2760), and H(t) is a step function. The rest of the parameters 
are the same as equation 3.2. 
In the third model, the postseismic displacements due to the 2006 Java earthquake (M 7.7) are included for the 
whole period (Sc3). The equation can be written as 
𝑦(𝑡𝑖) = 𝑎 + 𝑏𝑡𝑖 + 𝑐sin(2𝜋𝑡𝑖) + 𝑑cos(2𝜋𝑡𝑖) + 𝑒sin(4𝜋𝑡𝑖) + 𝑓cos(4𝜋𝑡𝑖)
+ ∑ 𝑔𝑗𝐻(𝑡𝑖 − 𝑇𝑗) + ℎexp (−
𝑡𝑖 − 𝑇ℎ
𝜏
) 𝐻(𝑡𝑖 − 𝑇ℎ) + 𝑣𝑖
2
𝑗=1
 
(3.4) 
where the postseismic motion is expressed as an exponential function with an amplitude h and Th (=2006.5397). τ 
is the relaxation time or exponential decay time constant.  
I compared these fitting scenarios by using F-test, which tests an assumption of homogeneity of variance from two 
different model (scenario). In this case, a rejection of the null hypothesis, which indicates that two models are 
statistically same, would occur when the ratio of the variances defined by equation 3.5 below is larger than 200 
(Heflin, 2016). In other words, the test fails to reject the null hypothesis if there is no significant improvement of 
misfit by adding new parameters (coseismic offsets or postseismic motion or both).  
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𝐹 =
𝜒1
2/𝑑𝑜𝑓1
𝜒2
2/𝑑𝑜𝑓2
 (3.5) 
where 𝜒1
2 and 𝜒2
2 are chi-squared values of the first and second model to be compared, dof1 and dof2 are degrees 
of freedom, respectively. The chi-squared value can be calculated from the displacement data following the 
equation below: 
𝜒2 = ∑
(𝑦𝑖 − 𝑦𝑐𝑖)
2
𝜎𝑖
2
𝑁
𝑖=1
 (3.6) 
where N is the number of displacement data for each component, yi is the observed displacement data of each 
epoch, yci is the calculated displacement by the assumed function, and σi is the uncertainties of the displacement 
data. 
The result of this statistical test is shown in Table 3.3. The time series with time span shorter than 6 months, or 
without any earthquakes in the time span are not included in the table. In Table 3.3, the F-values calculated for 
each station and component are listed. The examination is carried out in two steps: First, I compared the first 
scenario Sc1 with the second Sc2-1 and the Sc2-2. Second, I compared the preferred model derived in the first 
step to the third scenario Sc3.  
For example, the case of BAKO station shows the F-value in the north component is larger than the criterion, 
265.7 in Sc2-1. However, the F-values of any other component are smaller than the criterion, 3.8 and 17.9 for east 
and up component, respectively. This suggests that the major impact of the coseismic offset caused by the 2009 
event is in the north component. Looking at the Sc2-2, the F-value is larger than the rejection criterion, 554.5 and 
340.8 in north and east components, respectively. This result suggests that the coseismic offset of the 2012 event 
made the major impact in both components. The Sc3 test of BAKO station shows the F-value of the north 
component only exceeds the criterion. Thus the postsesimic deformation of the 2006 event affects only the north 
component. In conclusion, the Sc3 is meaningful only in the north component. The result for CANG station shows 
all F-values except for the Sc2-2 of the north component are smaller than the criterion suggesting that the coseismic 
deformation of the 2012 event should be considered.  
The exponential decay time constant τ in the third model was determined by searching for the minimum misfit in 
each component. τ was assumed to range from 1 day through 5 years. The north component in Figure 3.10 shows 
the best exponential decay of 697 days for BAKO station, while those for the east and up component are 2000 and 
210 days, respectively. Only 5 stations, BAKO, CPMK, CPSR, CTVI, and PRAN stations remonstrate the effect 
of the postseismic deformation. τ’s of CPMK are 2000, 72, and 98 for north, east, and up component. Those of 
CPSR are 152, 447, and 629, those of CTVI are 2000, 205, and 510, those of PRAN are 160, 131, and 475. 
The necessary terms for the time series model for each station/component has been derived from the statistical test 
explained above. I fitted the data into three periods by using equation 3.7 with selected terms based on the statistical 
test: (1) from 1 January 2017 to 2 September 2009 (the occurrence of the 2009 Java earthquake), (2) 3 September 
2009 until 11 April 2012 (the occurrence of the 2012 Sumatra earthquake), and (3) 12 April 2012 until 31 December 
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2016. 
𝑦(𝑡𝑖) = ∑(𝑎𝑗+1 + 𝑏𝑗+1𝑡𝑖)
2
𝑗=0
𝐼𝑗(𝑡𝑖) + 𝑐sin(2𝜋𝑡𝑖) + 𝑑cos(2𝜋𝑡𝑖) + 𝑒sin(4𝜋𝑡𝑖) + 𝑓cos(4𝜋𝑡𝑖)
+ ℎexp (−
𝑡𝑖 − 𝑇ℎ
𝜏
) 𝐻(𝑡𝑖 − 𝑇ℎ) + 𝑣𝑖 
(3.7) 
where 
𝐼𝑗(𝑡𝑖) = {
1  for 𝑇𝑗 ≤ 𝑡𝑖  ≤  𝑇𝑗+1
0 for 𝑡𝑖 < 𝑇𝑗  or 𝑡𝑖 > 𝑇𝑗+1
 
T0 and T3 are the first and the last epoch of the data period, respectively, and T1 and T2 are the dates of the first and 
the second earthquakes, which affected the time series, respectively. The coseismic offset can be written as 
𝑔𝑗 = (𝑎𝑗+1 + 𝑏𝑗+1𝑇𝑗) − (𝑎𝑗 + 𝑏𝑗𝑇𝑗)           ( 𝑗 = 1,2) (3.8) 
By assuming that the exponential decay time constant τ for five sites (BAKO, CPMK, CPSR, CTVI, and PRAN) 
and the epochs are known, the unknown parameters from the equation 3.7 can be written as 
𝐗 = [𝑎1𝑎2𝑎3𝑏1𝑏2𝑏3 𝑐 𝑑 𝑒 𝑓 ℎ] (3.9) 
and can be estimated by solving the following equation: 
𝐘 = 𝐀𝐗 + 𝐕 (3.10) 
where Y is the observed displacement time series of each component, A is design matrix, and V is the residual 
vector between the observed and the calculated displacements.  
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Figure 3.10 Misfit of the exponential decay time constant at BAKO station. The green lines represent the time of 
the minimum misfit. 
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Table 3.3 F values for each time series with correlated to any earthquake. 
Station Name 
Date of earthquake (year month 
day) 
F Value 
N E U 
BAKO 2009 09 02 265.7 3.8 17.9 
 2012 04 11 554.5 340.8 24.9 
 post 2006 07 17 709.4 18.9 17.7 
CANG 2012 04 11 523.6 53.0 4.3 
 post 2006 07 17 22.2 71.4 13.9 
CBAL 2012 04 11 12.9 38.2 5.8 
CBTU 2012 04 11 224.1 119.5 6.6 
 post 2006 07 17 0.9 49.2 74.1 
CCIR 2012 04 11 313.6 444.4 0.6 
 post 2006 07 17 1.3 23.5 14.8 
CCLP 2012 04 11 99.2 307.1 0.2 
 post 2006 07 17 24.1 3.8 4.2 
CDNP 2012 04 11 77.2 1.9 0.0 
CGON 2012.279 479.0 152.2 0.6 
 post 2006 07 17 1.2 0.0 7.0 
CJEM 2012 04 11 189.9 31.8 0.0 
CJKT 2012 04 11 25.4 16.5 0.0 
CJPR 2012 04 11 35.6 3.6 703.2 
CKBM 2012 04 11 381.3 16.4 492.3 
 post 2006 07 17 91.7 41.3 902.3 
CLBG 2012 04 11 0.0 50.3 376.1 
 post 2006 07 17 23.4 5.2 60.8 
CLDO post 2006 07 17 10.9 0.0 0.2 
CLMG 2012 04 11 303.8 119.8 1.9 
CLUM 2012 04 11 38.3 103.7 56.2 
CMAG 2012 04 11 347.0 11.1 311.5 
CMGL 2012 04 11 4.3 40.0 26.8 
CMIS 2012 04 11 167.3 279.2 12.1 
 post 2006 07 17 14.1 40.8 5.7 
CMJT 2012 04 11 96.5 73.2 6.1 
CMLG 2012 04 11 172.3 187.6 5.5 
CMLP 2012 04 11 223.2 313.3 7.5 
 post 2006 07 17 30.9 45.7 10.6 
CNYU 2012 04 11 13.3 13.0 34.7 
CPAI 2012 04 11 827.6 28.7 384.9 
CPAS 2012 04 11 120.2 2.1 12.4 
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Table 3.3 (Continued). 
Station Name 
Date of earthquake (year month 
day) 
F Value 
N E U 
CPBL 2012 04 11 387.9 412.2 1.6 
 post 2006 07 17 2.5 3.7 0.1 
CPES 2012 04 11 62.7 50.2 0.1 
CPKL 2012 04 11 295.8 216.1 45.5 
 post 2006 07 17 39.9 1.5 2161.8 
CPMK 2009 09 02 885.9 294.4 8.6 
 2012 04 11 956.9 205.0 41.6 
 post 2006 07 17 738.2 25.5 2.0 
CPSR 2009 09 02 53.5 287.8 158.0 
 2012 04 11 423.9 480.9 115.1 
 post 2006 07 17 248.2 211.9 44.7 
CPTN 2009 09 02 2.2 0.1 0.4 
CPTU 2012 04 11 678.8 318.5 5.5 
 post 2006 07 17 39.1 0.5 0.1 
CPWD 2012 04 11 103.1 259.8 2.2 
 post 2006 07 17 22.3 13.2 0.0 
CPWK 2012 04 11 240.2 213.0 0.6 
 post 2006 07 17 8.7 0.4 7.1 
CRKS 2012 04 11 114.0 46.8 0.1 
 post 2006 07 17 3.8 2.6 0.5 
CROL 2012 04 11 285.3 787.8 0.1 
 post 2006 07 17 34.4 317.7 0.5 
CRUT 2012 04 11 215.8 337.5 20.4 
 post 2006 07 17 59.9 214.1 0.3 
CSBY 2012 04 11 317.9 3.6 6.1 
CSGT 2009 09 02 242.3 21.7 27.7 
 post 2006 07 17 148.8 102.2 13.1 
CSIT 2012 04 11 824.0 25.8 24.1 
CSLO 2012 04 11 160.3 144.1 21.9 
CSMN 2012 04 11 174.7 7.4 0.5 
CSMP 2012 04 11 315.1 117.2 0.0 
CSRJ 2012 04 11 0.4 9.6 1.6 
CSUM 2012 04 11 690.4 586.0 46.4 
 post 2006 07 17 148.8 102.2 13.1 
CTAN 2012 04 11 142.1 26.5 0.0 
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Table 3.3 (Continued). 
Station Name 
Date of earthquake (year month 
day) 
F Value 
N E U 
CTBN 2012 04 11 456.2 190.5 7.8 
 post 2006 07 17 18.5 30.8 15.1 
CTCN 2012 04 11 18.1 9.8 1.8 
CTGL 2012 04 11 400.7 191.3 2.7 
 post 2006 07 17 8.0 1.5 0.0 
CTUL 2012 04 11 440.1 242.5 0.1 
 post 2006 07 17 73.2 10.4 14.6 
CTVI 2012 04 11 580.6 134.4 30.9 
 post 2006 07 17 231.5 16.9 18.1 
CUJG 2012 04 11 418.8 238.6 61.0 
 post 2006 07 17 5.4 12.6 2.6 
JOGS 2012 04 11 48.7 98.2 11.1 
PALE 2012 04 11 148.0 6.1 0.2 
PRAN 2012 04 11 71.6 630.0 0.2 
 post 2006 07 17 204.1 224.0 23.0 
SADE 2012 04 11 14.7 120.3 19.5 
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3.7.3 Reference Frame Transformation 
The GNSS velocity data of each site in the SEAMERGES network are estimated with respect to the ITRF2005 
(Simons et al., 2007) and should be transformed into the ITRF2008 in order to combine with the velocities which 
estimated in this study (from IPGSN and SuGAr). The velocity vectors and sigmas of each component transformed 
into the ITRF2008 by using fixed parameter rates at epoch 2000.0 that are archived at http://itrf.ign.fr.  
The velocity vectors in topocentric coordinate system (east, north, and up component) VENU are transformed into 
those in the Cartesian coordinate system Vxyz that can be written as: 
𝐕𝐗𝐘𝐙 = 𝐑𝐆𝐓
−𝟏𝐕𝐄𝐍𝐔 (3.11) 
where 𝐑𝐆𝐓 is the rotation matrix to transform from the Cartesian to the topocentric velocities, 
𝐑𝐆𝐓 = [
−sin𝜆 cos 𝜆 0
− sin 𝜑cos 𝜆 − sin 𝜑sin 𝜆 cos 𝜑
cos 𝜑cos 𝜆 cos 𝜑sin 𝜆 sin 𝜑
] (3.12) 
where φ and λ are latitude and longitude of each station, respectively. Furthermore, the cartesian  velocities are 
transformed from the ITRF2005 into the ITRF2008 by using the following equation (Helmert transformation),  
[
𝑉𝑋𝐼𝑇𝑅𝐹08
𝑉𝑌𝐼𝑇𝑅𝐹08
𝑉𝑍𝐼𝑇𝑅𝐹08
] = [
𝑉𝑋𝐼𝑇𝑅𝐹05
𝑉𝑌𝐼𝑇𝑅𝐹05
𝑉𝑍𝐼𝑇𝑅𝐹05
] − [
𝑇?̇?
𝑇?̇?
𝑇?̇?
] + [
?̇? ?̇?𝑍 −?̇?𝑌
−?̇?𝑍 ?̇? ?̇?𝑋
?̇?𝑌 −?̇?𝑋 ?̇?
] [
𝑋(𝑡)𝐼𝑇𝑅𝐹05
𝑌(𝑡)𝐼𝑇𝑅𝐹05
𝑍(𝑡)𝐼𝑇𝑅𝐹05
] (3.13) 
where 
[?̇?𝐗𝐘𝐙] = 𝑚𝑟[?̇?𝐗𝐘𝐙] (3.14) 
In the equation 3.13, (𝑇?̇? , 𝑇?̇? , 𝑇?̇? ) are the translation parameter rates in mm/year, (?̇?𝑋, ?̇?𝑌, ?̇?𝑍) are the angular 
velocities in radian/year, (𝜀?̇?, 𝜀?̇?,𝜀?̇?) are the rotation parameter rates in mas/year, ?̇? is the scale parameterrate in 
ppb/year, (𝑋(𝑡) , 𝑌(𝑡) , 𝑍(𝑡) ) are the coordinates at epoch 2000.0, and 𝑚𝑟 is conversion factor from milli-arc 
seconds to radian 4.84813681×10-9. Then the cartesian velocities in the ITRF2008 can be transformed back to the 
toposentric velocites by the following equation,  
𝐕𝐄𝐍𝐔 = 𝐑𝐆𝐓𝐕𝐗𝐘𝐙 (3.15) 
The transformed velocity result in ITRF2008 shows the different magnitude of ~0.01 to 0.3 mm/yr in the north 
and east components comparing to the velocity in ITRF2005. 
37 
 
3.7.4 Error Estimation 
The white noise usually generates very optimistic estimates of the uncertainties of parameters. I used the “Realistic 
Sigma” algorithm to estimate the velocity errors (Herring, 2003). This algorithm assumes that the noise process is 
a first order Gauss Markov process. By using this estimation, a time-correlated noise model is used to estimate the 
parameter uncertainties. By fitting the exponential form to the averaging time and the 𝜒2of residuals, the process 
noise (including white noise and time-correlated noise) can be modeled. The 𝜒2/𝑓 (chi square per degree of 
freedom) increases as the residuals are averaged. The character of the averaged residual can be viewed in Figure 
3.11. 
The difference of residual of each epoch is 
𝑑𝑣(𝑣𝑖+1) = ∑ 𝑣𝑖+1 − 𝑣𝑖+2
𝑚−2
𝑖=0
 (3.16) 
The difference of sigma is 
𝑑𝜎(𝜎𝑖+1) = ∑ 𝜎𝑖+1 − 𝜎𝑖+2
𝑚−2
𝑖=0
 (3.17) 
m is the number of observed displacements for each component. 𝑣 is the residuals and 𝜎 is sigmas of each 
coordinate component. Then the χ2 for each component is 
𝜒2 =
(∑
𝑑𝑣𝑖+1
2
𝑑𝜎𝑖+1
2
𝑚−2
𝑖=0 )
𝑚 − 1
 
(3.18) 
The weight of the data is 
𝑤𝑗 = ∑ √
1
∑ 𝜎𝑗
2χ2𝑚𝑗
𝑚
𝑗=1
 (3.19) 
The 𝜒2 of residuals is 
𝜒𝑣𝑜𝑘
2 =
∑ ∑ ∑ 𝑣𝑗+7𝑖𝑘
7𝑘(𝑖+1)
𝑗=1 𝑤𝑗+7𝑖𝑘
𝑚−1
𝑖=0
𝑁
𝑘=1
𝑁
 (3.20) 
where 
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𝑁 =
(𝑡𝑚 − 𝑡1)36.525
7
 (3.21) 
𝑡1 and 𝑡𝑚 are first and last epoch in decimal units, respectively. k is of averaging time. N, the number of averaging 
time, was rounded to the nearest integer zero.  
The fitting model between 𝜒2 of residuals (calculated) and averaging times can be written as 
𝜒𝑣𝑐𝑘
2 = ∑ 1 − exp (−
𝑘
𝜏𝑙
)
𝑁
𝑘=1
 (3.22) 
𝜏 = [1 2 4 8 16 32 64 128 256 512 1024 2048 5096 10192]. l is the number of 𝜏.  
I fixed the 𝜏 that give minimum misfit. Then the normal rms of realistic sigma model can be calculated as 
𝑛𝑟𝑚𝑠𝑅 = √(
𝜒𝑣𝑜𝑘
2
𝜒𝑣𝑐𝑘
2 )
̅̅ ̅̅ ̅̅ ̅̅ ̅
𝜒2 (3.23) 
This nrmsR was added to the covariance matrix C of unknown parameters (equation 3.9) become 
𝑠 = 𝐶
𝑛𝑟𝑚𝑠𝑅
𝑛𝑟𝑚𝑠
 (3.24) 
s is the final errors of each velocity components. nrmsR is normalized rms from the realistic sigma model. While 
nrms is normalized rms from the fitting model in equation 3.7. 
The error estimation result with including the realistic sigma is shown in the table 3.4. The BAKO station shows 
the small different magnitude between the estimation with realistic sigma and without realistic sigma of 0.126, 
0.131, and 0.074 in the period 1, 2, and 3 respectively for the north component, while 0.263, 0.275, and 0.153 in 
the period 1, 2, and 3 respectively for the east component. The realistic sigma estimates of BAKO station are 2 to 
5 times larger than the white noise estimates. Overall, the average different magnitude of those estimation are 
0.368 and 0.209 in east and north component respectively. The error estimation from the period which has very 
short time span did not included in this table. 
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Figure 3.11 Realistic sigma of BAKO station. The red line shows the exponential fitting to the data. 
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Table 3.4 Error estimation result for the estimation with realistic sigma “Rsig” and without realistic sigma 
“White Noise” for north and east component of 3 periods. 
Site Comp 
Period 1 Period 2 Period 3 
White Noise 
(mm) 
Rsig (mm) 
White Noise 
(mm) 
Rsig (mm) 
White Noise 
(mm) 
Rsig (mm) 
BAKO N 0.072 0.198 0.076 0.207 0.043 0.117 
 E 0.085 0.348 0.089 0.364 0.049 0.202 
CANG N   0.208 0.571 0.087 0.241 
 E   0.249 0.858 0.108 0.372 
CBAL N   0.113 0.155 0.706 0.973 
 E   0.148 0.194 0.958 1.256 
CBLR N     0.733 0.905 
 E     0.810 1.217 
CBRN N 0.785 0.946 0.635 0.765 0.402 0.485 
 E 1.283 1.647 1.037 1.332 0.627 0.805 
CBTL N     0.673 0.794 
 E     0.756 0.871 
CBTU N   0.181 0.388 0.079 0.168 
 E   0.211 0.351 0.094 0.157 
CCAK N 0.737 1.093 0.079 0.117   
 E 0.890 1.273 0.091 0.131   
CCIR N   0.096 0.212 0.046 0.100 
 E   0.134 0.677 0.059 0.297 
CCLP N   0.188 0.735 0.051 0.198 
 E   0.225 0.584 0.060 0.155 
CDNP N 1.257 7.019 0.129 0.721 0.154 0.860 
 E 1.239 4.657 0.122 0.459 0.154 0.578 
CGON N   0.187 0.220 0.601 0.708 
 E   0.243 0.294 0.785 0.95 
CJEM N   0.455 1.525 0.051 0.172 
 E   0.559 1.649 0.058 0.172 
CJKT N   0.323 0.414 1.105 1.418 
 E   0.565 0.593 1.896 1.991 
CJPR N   0.620 0.761 0.075 0.092 
 E   0.721 0.869 0.086 0.103 
CJUR N     0.169 0.252 
 E     0.224 0.498 
CKBM N   0.537 1.718 0.056 0.18 
 E   0.691 1.957 0.070 0.199 
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Table 3.4 Continued. 
Site Comp 
Period 1 Period 2 Period 3 
White Noise 
(mm) 
Rsig (mm) 
White Noise 
(mm) 
Rsig (mm) 
White Noise 
(mm) 
Rsig (mm) 
CLBG N 0.181 0.802 0.105 0.464   
 E 0.183 0.346 0.099 0.188   
CLBR N   0.138 0.404   
 E   0.142 0.275   
CLDO N 0.179 0.251 0.307 0.430   
 E 0.213 0.618 0.358 1.042   
CLMG N   0.262 0.630 0.038 0.092 
 E   0.324 1.157 0.045 0.162 
CLUM N   0.256 1.219 0.110 0.525 
 E   0.270 0.727 0.109 0.292 
CMAG N   0.200 0.728 0.036 0.133 
 E   0.255 1.016 0.044 0.177 
CMGL N   0.401 0.470 0.601 0.704 
 E   0.433 0.530 0.636 0.779 
CMIS N   0.222 0.459 0.044 0.091 
 E   0.246 0.510 0.047 0.098 
CMJT N   0.348 0.664 0.092 0.176 
 E   0.422 1.051 0.111 0.277 
CMLG N   0.250 0.502 0.060 0.121 
 E   0.311 0.859 0.073 0.202 
CMLP N   0.289 0.457 0.814 1.284 
 E   0.382 0.596 1.092 1.702 
CNGA N     0.133 1.024 
 E     0.112 0.288 
CNYU N   0.194 0.600 0.044 0.136 
 E   0.270 1.062 0.064 0.251 
CPAI N   0.266 0.807 0.041 0.125 
 E   0.305 0.951 0.045 0.140 
CPAS N   0.211 1.345 0.043 0.274 
 E   0.220 0.706 0.043 0.138 
CPBI N   0.587 1.006   
 E   0.529 0.588   
CPBL N   0.209 0.473 0.057 0.128 
 E   0.226 0.496 0.060 0.130 
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Table 3.4 Continued. 
Site Comp 
Period 1 Period 2 Period 3 
White Noise 
(mm) 
Rsig (mm) 
White Noise 
(mm) 
Rsig (mm) 
White Noise 
(mm) 
Rsig (mm) 
CPES N 
  
0.314 2.094 0.051 0.343 
 
E 
  
0.285 0.632 0.046 0.101 
CPKL N 
  
0.168 0.336 0.127 0.253 
 
E 
  
0.181 0.339 0.138 0.257 
CPMK N 0.146 0.263 0.082 0.149   
 
E 0.153 0.322 0.087 0.183   
CPSR N 0.560 1.473 0.099 0.260   
 
E 0.649 1.334 0.115 0.237   
CPTN N 0.742 0.744 1.400 1.403 
  
 
E 0.818 0.986 1.508 1.816 
  
CPTU N 
  
0.249 0.460 0.090 0.166 
 
E 
  
0.310 0.409 0.113 0.149 
CPWD N 
  
0.257 0.564 0.048 0.105 
 
E 
  
0.318 0.775 0.057 0.140 
CPWK N 
  
0.221 0.375 0.211 0.358 
 
E 
  
0.239 0.313 0.228 0.299 
CRKS N 
  
0.323 0.342   
 
E 
  
0.295 0.369   
CROL N 
  
0.160 0.514 0.040 0.128 
 
E 
  
0.203 0.774 0.047 0.180 
CRUT N 
  
0.356 0.685 0.053 0.101 
 
E 
  
0.560 3.331 0.079 0.470 
CSBK N 
  
0.583 0.882 
  
 
E 
  
0.585 0.883 
  
CSBY N 
  
0.130 0.413 0.040 0.127 
 
E 
  
0.147 0.304 0.040 0.084 
CSEM N   0.252 0.278   
 E   0.182 0.247   
CSGT N 0.143 0.200 0.554 0.774   
 E 0.149 0.207 0.583 0.809   
CSIT N   0.262 0.741 0.041 0.115 
 E   0.311 0.978 0.045 0.143 
CSLO N   0.242 0.600 0.050 0.123 
 E   0.287 0.996 0.056 0.193 
 
43 
 
Table 3.4 Continued. 
Site Comp 
Period 1 Period 2 Period 3 
White Noise 
(mm) 
Rsig (mm) 
White Noise 
(mm) 
Rsig (mm) 
White Noise 
(mm) 
Rsig (mm) 
CSMN N   0.235 0.816 0.045 0.156 
 E   0.253 0.479 0.045 0.085 
CSMP N   0.354 1.030 0.038 0.111 
 E   0.395 0.888 0.039 0.087 
CSRJ N   0.194 0.470   
 E   0.240 0.926   
CSUM N   0.309 1.888 0.059 0.358 
 E   0.321 1.684 0.061 0.321 
CTAN N   0.418 0.992 0.166 0.394 
 E   0.466 1.120 0.181 0.436 
CTBN N   0.203 0.555 0.038 0.105 
 E   0.256 0.813 0.045 0.141 
CTCN N   0.107 0.294   
 E   0.119 0.234   
CTGL N   0.167 0.279 0.074 0.124 
 E   0.184 0.410 0.085 0.19 
CTUL N   0.230 1.005 0.042 0.184 
 E   0.256 0.858 0.044 0.147 
CTVI N 0.191 0.530 0.563 1.562 0.200 0.556 
 E 0.182 0.348 0.531 1.016 0.189 0.362 
CUJG N 0.167 0.198 0.431 0.510   
 E 0.185 0.277 0.474 0.710   
CUJK N   0.116 0.443   
 E   0.113 0.205   
JOGS N   0.199 0.309 1.163 1.804 
 E   0.220 0.260 1.295 1.529 
PALE N   0.138 0.205   
 E   0.191 0.360   
PRAN N   0.119 0.150   
 E   0.153 0.802   
SADE N   0.122 0.163 0.909 1.219 
 E   0.142 0.159 1.103 1.230 
TJLS N   0.119 0.602   
 E   0.103 0.177   
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Chapter 4 
Kinematic Block Modeling 
4.1 Modeling of Block Rotation and Fault Coupling 
The GNSS time series represent the motion of the Earth surface. This motion can be related to the kinematics of 
block rotation and the locking on the block-bounding faults. The motion of blocks can be described by Euler poles 
in spherical coordinates. An Euler vector in a spherical coordinate system Ωi = (λp, φp, ω) gives the displacement 
at a surface observation point (λ, φ) caused by the rotation of a block i in the reference frame ITRF2008, where λp  
and φp are the longitude and latitude of the Euler pole, respectively and ω is its angular velocity. The horizontal 
velocity at a point in the i-th block is Vi = Ωi × X, where X is the vector pointing from the center of the Earth to 
the surface point (λ, φ). The effect of the locking on a fault can be parameterized by using coupling ratio ϕ = 1 - 
Vc/V, where V is the long-term slip velocity on the fault and Vc is the short-term creep velocity. V is calculated 
from the angular velocities of the blocks bounded by the fault. 
A geodetic inversion code, TDEFNODE is used to model simultaneously the block rotations, homogenous strain 
rates, and locking distributions on block-bounding faults (McCaffrey, 2009). TDEFNODE applies the back-slip 
concept (Savage, 1983) based on the elastic half-space dislocation theory (Okada, 1992) to compute surface 
velocities around locked faults. Fault surfaces are expressed by small quadrilateral patches defined by distributed 
nodes along fault depth contours with some intervals. The fault locking is represented by slip deficit rates– ϕV, 
where ϕ is a coupling ratio at each node and estimated by the code, and V is the long-term slip velocity on the 
fault. The surface velocity due to the distributed slip at each node is calculated by integrating the slip rates over 
the fault surfaces. 
The coupling ratio ϕ assures that the fault slip rate and slip deficit rate are kinematically consistent with block 
rotations. Creep (freely slipping) occurs on the fault if ϕ is 0, and if ϕ =1, there occurs locking (fully coupling) on 
the fault. In the following, the terms “fully locking” for ϕ =1, “partially locked” for 0 < ϕ < 1, and “freely creeping” 
for ϕ =0. In the inversion, ϕ is kept between -1 and 1. 
Since response functions at each observation point due to a unit slip at each node are generated in advance, the 
surface velocities due to a slip rate distribution on the faults are calculated by relatively fast summation of the 
response functions and given by 
𝑉𝑖(𝐗) = ∑ 𝐻(𝐗 ∈ ⌂𝑏) [ 𝛀𝑏𝑅 × 𝐗] ∙ î + 𝐿𝑖[?̇?𝑏] ∙ î − ∑ ∑ ∑ 𝜙𝑛𝑘𝐺𝑖𝑗(𝐗,
2
𝑗=1
𝑁𝑘
𝑛=1
𝐹
𝑘=1
𝐵
𝑏=1
𝐗𝑛𝑘)[ 𝛀𝑓 × 𝐗𝑛𝑘]ℎ ∙ j ̂ (4.1) 
where: 
X is the position of the surface observation point, 
B is the number of blocks, 
⌂b is the subset of the model domain within block b, 
H = 1 if the point X is contained within block b, H = 0 otherwise, 
45 
 
i is an index for velocity component (x, y, or z), 
𝛆?̇? is the homogeneous strain rate of block b, 
Li is the distance from the block centroid, 
î is the unit vector in i-th direction, 
Ωb is the Euler vector of block b, 
hΩf = Ωh - Ωf is the Euler vector of the footwall block f relative to the hanging wall block h, 
F is the number of faults, 
Nk is the number of nodes defining fault k, 
Xnk is the position of node n on fault k, 
ϕnk is the coupling ratio at node n on fault k, 
ĵ is the unit vector in j-th direction on fault surface (downdip or strike direction), and 
Gij (X, Xnk ) is the response function giving the i-th component of velocity at surface point X due to a unit slip 
velocity along fault surface at node Xnk in the j-th direction. 
The first, second and third terms are the effects of the block rotation which is applied to all observation points on 
a block, the homogeneous strain rate in a block, and the fault locking, respectively. TDEFNODE uses simulated 
annealing or grid search method to estimate optimal parameters that minimize the reduced chi-square. 
In this study, I assume four major blocks, the Sunda block, the Sumatra block, the Java block, and the West 
Makassar block together with the Australian plate. The blocks are divided as polygons (Figure 4.1) based on the 
boundaries from Bird (2002), Koulali et al. (2016), and some modification based on the knowledge of faulting and 
the velocity field by defining boundary faults shown by red lines in Figure 4.1. The north boundary of the Sunda 
block is based largely on the GNSS velocities. The Sumatra Island is separated into two blocks by the Sumatra 
fault. The Java Island is separated into three blocks following the boundaries proposed by Koulali et al. (2016). 
The eastern boundary of the Java block is unclear because of the lack of GNSS data and evidence of faulting near 
Bali strait. Koulali et al. (2016) preferred to use only one block model, the Java block, since there is no significant 
difference in the misfits between one block geometry and the other (adding the faults near the Bali strait to separate 
these two blocks). The far edges of the blocks (shown by blue lines) are treated as freely creeping faults and 
therefore do not impact the model. 
46 
 
 
Figure 4.1 Map of the boundaries between the Sumatra block (SM), the Sunda block (SU), the Java block (JV), 
the West Makassar block (WM), and the Autralian plate (AU). The block boundaries coincide with 
major faults such as the Sumatran fault, the Sumatra trench, the Java trench, and shown by red lines. 
Another boundaries, which do not affect the deformation field, are shown by blue lines. 
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4.2 Block Modeling for the Period 1994 - 2004 
The Velocities of GEODYSSEA network and the SuGAr network (see Chapter 3) have the time period from 1994 
until 2004 and from 2002 through 2004 respectively. In this case, I inverted these data to model the kinematics of 
this region in order to estimate the block rotation, elastic strain, and also permanent strain simultaneously before 
the 2004 Sumatra earthquake (M 9.1).  
First I carried out the kinematic modeling of the Sumatra block, the Sunda block, and the Australian plate using 
the GPS data from 1994 to 2004. These blocks are separated into several faults known as the Sumatran fault and 
the subduction fault along the Sumatra trench (the Sumatra subduction fault). The Sumatran fault is the boundary 
between the Sunda block and the Sumatra block, and running along the southwestern coast of Sumatra Island. The 
Sumatra subduction fault is the boundary between the Sumatra block and the Australian plate (Figure 4.1), where 
the activity of the interpolate thrust earthquakes has been very high. I used the slab model from Hayes et al. (2012) 
to represent the Sumatra subduction fault. In order express the slab surface, several nodes were located every 200 
km along the iso-depth contours of the slab model with 20 km depth interval (Figure 4.2). Coupling factors on 
these nodes are set to be free parameters except for the nodes on eastern and western edges where the coupling 
factors are set to be fully creeping (ϕ=0) considering the depth of the seismogenic zone in this area. In the inversion, 
the elastic deformation is calculated by integrating over small patches assumed in the regions between the nodes. 
Each small patch has a length of 10 km along strike direction and a width of 5 km along dip direction in this study. 
Smoothing of the locking is applied by imposing a damping factor of 5 × 1010 derived from the trade-off curve 
result (Appendix C). 
The Sumatran fault has set to be full coupling from 0 km to the depth of 15 km and nine nodes along each iso-
depth contour with an interval of 5 km are located based on the bending of the fault trace. The rest of boundaries 
are assumed to have no relative motion from one another, and to be fully creeping. In this first model, I also add 
some slip vectors from several major earthquakes, the 2013 Sigli earthquake (M6.1), the 2008 northern Sumatra 
earthquake (M6.0), the 2007 southern Sumatra earthquake (M6.4), the 2009 southern Sumatra earthquake (M6.6), 
and the 1994 southern Sumatra earthquake (M6.9) that occurred on the Sumatran fault, and the 2004 Sumatra 
earthquake (M9.1), the 2010 northern Sumatra earthquake (M7.8), the 2005 northern Sumatra earthquake (M8.6), 
the 2007 and 2010 Mentawai earthquake (M7.9 and M7.8), and the 2007 southern Sumatra (M8.4) that occurred 
on the Sumatra subduction fault and the geological slip rates data along the Sumatran fault from some previous 
studies (Chapter 3). 
In the inversion, the Euler vectors of these three blocks, and the homogeneous strain rate of the Sunda block is 
estimated. The 99 GNSS velocity components are fit at normalized RMS (NRMS) = 1.29 and weighted RMS 
(WRMS) = 0.84 mm/yr. The NRMS is the goodness level of fit between observation and model and also shows 
that the uncertainties are properly scaled or not, while the WRMS gives a measure of the a posteriori weighted 
scatter in the fitting. The NRMS can be calculated as following 
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NRMS = [N−1 (∑ 𝑟𝑖
2/𝜎𝑖
2
N
𝑖=1
)]
1/2
 (4.2) 
while the WRMS is 
WRMS = [(∑ 𝑟𝑖
2/𝜎𝑖
2
N
𝑖=1
) / (∑ 1/𝜎𝑖
2
N
𝑖=1
)]
1/2
 (4.3) 
where ri is the residual, σi is the formal data uncertainty, and N is the number of observations. The large misfits 
between the observed and calculated velocities exist generally near the Sumatra trench such as the BSAT site and 
the MSAI site with magnitudes of 6.21 mm/yr and 7.56 mm/yr, respectively (Figures 4.5 and 4.6). The rest of the 
residual are smaller than 3 mm/yr in all blocks. High slip deficit rates of 40-50 mm/yr exist around the BSAT site 
and overlap with the rupture area of the 2007 Mentawai earthquake (M8.4) and that of the 1797 Sumatra earthquake 
(M8.4). The maps of coupling ratio suggest the fully locking in this area (Figure 4.3 and Figure 4.4). 
Figure 4.7 shows the fault slip rates decomposed into the fault-parallel and the fault-normal motions. The fault-
normal convergence rates across the Sumatra trench increase from 46 mm/yr in the west to 54 mm/yr in the east. 
These estimates are generally similar with the previous study by McCaffrey (2009) who noted that the convergence 
rate at the Sumatra trench is likely to be 40-50 mm/yr. The fault-parallel velocities along the Sumatra trench show 
an increase from 18 mm/yr to 32 mm/yr from the east to the west. Right lateral slip rate is found along the Sumatran 
fault as ~9 mm/yr. These rates are slower than that predicted by Bradley et al (2017). Small compressions exist 
along the Sumatra fault at rates of 0.3 – 0.5 mm/yr. 
The parameters of the Euler vectors estimated in this inversion can be seen in Table 4.1. The uncertainties of the 
pole location of the Sunda block and the Australia plate are relatively small, less than 3°, while that of the Sumatra 
block is as large as 5.3°. This may be caused by the lack of the observed velocities in the Sumatra block. The small 
uncertainties of ω together with those of the locations of the poles for the Sunda block and the Australia plate 
suggest the reliable estimation for the two blocks. χ2 in Table 4.1 shows the misfit of the block rotation model for 
each block. The small values smaller than 1 show that the block models are fit well to the data. The χ2 of each 
block model can be written as 
𝜒2 = ∑
(𝑦𝑖 − 𝑦𝑐𝑖)
2
𝜎𝑖
2
𝑁
𝑖=1
 (4.4) 
Where N is the number of GPS velocities for each component in a block, yi is the observed velocities that used to 
estimate Euler rotation, yci is the calculated velocities, and σ is the uncertainties of the GPS velocity field. 
In Table 4.2, the smallest uncertainty of the Euler pole parameters for the Sunda block are delivered in Simons’s 
study. However, the uncertainty of the Euler pole parameters in this study are acceptable considering the 
reweighting that has been applied in this estimation. The angular velocity estimated in this study is quite similar 
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to that estimated by Simons et al (2007). The locations of the Euler pole of the Sunda block estimated in this study 
and the previous ones are shown in Figure 4.8. 
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Figure 4.2 Fault nodes in the Sumatra trench (magenta circles), spacing 200 km along the strike direction and 20 
km along the dip direction. The nodes along the Sumatran fault are shown by cyan circles spacing 50 
to 100 km along the strike direction and 5 km along the dip direction. Blue line is the contours line 
from the slab model by Hayes et al. (2012). Blue circles are the observation sites in this study. 
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Table 4.1 Euler pole parameters derived by the block modeling 
Block 
Name 
Euler pole parameters Error Ellipses 
χ2 
Latitude 
(°N) 
Longitude 
(°E) 
Angular velocity 
(°/Myr) 
σmax (°) σmin (°) Azimuth (°) 
Sunda 46.2 -89.4 0.327 ± 0.008 2.85 0.57 111 0.20 
Australia -31.9 219.2 -0.631 ± 0.001 0.60 0.14 72 0.16 
Sumatra -37.4 106.8 -0.371 ± 0.030 5.32 2.40 170 0.29 
σmax, σmin, and Azimuth are the lengths of the major and minor axes of the error ellipses, and the azimuth of the 
major axis, respectively. χ2 is the misfit of each block model. 
Table 4.2 Comparison of Euler pole parameters of the Sunda block 
Model 
Euler pole Parameters Error Ellipses 
χ2 
Latitude 
(°N) 
Longitude 
(°E) 
Angular velocity 
(°/Myr) 
σmax (°) σmin (°) Azimuth (°) 
Sella et al. 
(2002) 
38.9 -86.9 0.393 ± 0.062 10.2 0.8 110 0.24 
Kreemer et 
al. (2003) 
47.3 -90.2 0.392 ± 0.008 1.9 0.5 109 0.17 
Bock et al. 
(2003) 
49.8 -95.9 0.320 ± 0.010 3.5 1.0 121 1.20 
Prawiro et 
al. (2004) 
32.6 -86.8 0.462± 0.064  7.0 0.8 113 4.00 
Simons et 
al. (2007) 
49.0 -94.2 0.336 ±0.007 1.9 0.3 111 1.03 
This study 46.2 -89.4 0.327 ± 0.008 2.8 0.6 111 0.20 
σmax, σmin, and Azimuth are the lengths of the major and minor axes of the error ellipses, and the azimuth of the 
major axis, respectively. χ2 is the misfit of each block model. 
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Figure 4.3 Coupling ratios on the AU-SM boundary. Blue and magenta vectors show the observed and the 
calculated velocities, respectively. 
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Figure 4.4 Enlarged map of Figure 4.3. Two areas surrounded by blue lines indicate the rupture zones of the 1797 
Sumatra earthquake (M 8.4) and the 2007 Mentawai earthquake (M 8.4). 
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Figure 4.5 Slip deficit rate on the AU-SM boundary. Red vectors show the observed velocity after removing the 
rotation components. White vectors show the calculated vectors from the elastic deformation caused 
by coupling of the block-block and block-plate boundaries. Gray vectors are the residuals. 
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Figure 4.6 Enlarged map of Figure 4.5. Two areas surrounded by blue lines indicate the rupture zones of the 1797 
Sumatra earthquake (M 8.4) and the 2007 Mentawai earthquake (M 8.4). 
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Figure 4.7 Fault slip rates along the Sumatran fault and the Sumatra subducting fault. The fault parallel rates (right-
lateral positive) are indicated by color in each circles. The numerical values near each colored circle 
indicate the trench/fault perpendicular slip rate (extension positive). Blue vectors show the slip vectors 
across the faults, indicating the motion of the hanging wall relative to the footwall. Red lines represent 
the faults where locking was assigned and the black lines are fully creeping boundaries. Orange vectors 
show the rotation vectors. 
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Figure 4.8 Map showing the location of the Euler poles of the Sunda block estimated by the present and the 
previous studies together with the error ellipses. 
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4.3 Block Modeling for the Period 2007 - 2016 
In this period, the number of continuous GPS sites is gradually increasing. I start the inversion analysis with the 
last period from 12 April 2012 to the end of 2016 (Period-3) to constrain well the Euler vectors of the Java (JV) 
and the West Makassar (WM) blocks, while those of the Sunda (SU) block, the Sumatra (SM) block, and the 
Australian (AU) plate can be fixed based on the results in the previous section (Table 4.1). Then I process the data 
for Period-2 from 3 September 2009 to 11 April 2012, and Period-1 from 1 January 2007 to 2 September 2009 
backwarding the time axis.  
The boundaries of the JV and WM blocks are defined by several faults, e.g. the interface between the subducting 
AU plate and the overriding JV block. The nodes have been located to represent the slab surface (Hayes et al., 
2012) with an interval of 100 km along the iso-depth contours of every 20 km (Figure 4.9). Boundary conditions 
to constrain ϕ=0 for the nodes on the earth’s surface (0 km) and the deepest nodes (80 km) are applied considering 
the depth range of the seismogenic zone in this area. The nodes in the other faults such as the Baribis-Kendeng 
and the Trans Borneo fault systems are assumed to be fully coupling in the depth range from 0 km to 15 km, same 
as the Sumatran fault in the previous section. The rest of the boundaries are left without any constraints. Smoothing 
of the locking is applied by imposing a damping factor of 8 × 106 derived from the trade-off curve result (Appendix 
C). 
The observed velocities in Period-3 are inverted to estimate the distribution of the coupling ratio on the AU-JV 
interface together with the Euler pole parameters of the Java and the West Makassar blocks since the GPS sites 
cover the wide area and are located farther than 200 km from the epicenter of the 2006 Java earthquake (M7.7), 
and therefore the data do not show significant impact from the postseismic deformation based on the F-test in 
Table 3.3 in which the majority of the GPS velocities in Java show no significant exponential trend in the time 
series more than 5 years after the event. The estimated Euler pole parameters from the inversion are listed in Table 
4.3. The poles of the JV and the WM blocks show good misfit χ2 of 0.05 and 0.11, respectively.  
Figure 4.11 demonstrates the inversion results of the relative motion between each block. The fault-normal 
convergence rates across the Java trench increase from 65 mm/yr in the west to 74 mm/yr in the east. These 
estimates are generally consistent with the results of Simons et al. (2007) and Hanifa (2014) but slightly larger 
than that of Koulali et al. (2016) with differences of about 8 mm/yr. This may be caused by the variations in the 
strike direction of the trench. The fault-parallel velocities along the Java trench show the right lateral movements 
of 4 mm/yr to 30 mm/yr from 102°E to 108°E, while the left lateral ones of 2 mm/yr through 11 mm/yr from 108°E 
to 120°E. In general, the Java fault making the boundary between the SU block and the JV block shows the small 
left lateral slip except for the segments in the western part and near the triple junction. The Java fault demonstrates 
the fault-normal extension ranging from 8 to 11 mm/yr. In contrast, the Java fault in between the JV block and the 
WM block shows the minor compressional movements less than 0.5 mm/yr. The WM-SU fault shows the right 
lateral slip ranging 1 to 3 mm/yr. 
Figure 4.10 presents the distribution of the coupling ratio on the JV-AU fault. It shows the partially locked area in 
the western part in the depth range from 20 km to 40 km with the coupling ratio of about 0.5 and slip deficit rate 
of 20 - 45 mm/yr. The middle and the eastern parts suggest the strong coupling in the fault patches deeper than 40 
km and 20 km, respectively. The highest slip deficit rate amounting up to 70 mm/yr is resolved in the eastern part. 
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The slip deficit rates in the Period-1 (from 1 January 2007 to 2 September 2009) and Period-2 (from 3 September 
2009 to 11 April 2012) are estimated by fixing the Euler pole parameters derived from Period-3 (Table 4.3). In 
Period-2, the strong coupling with the slip deficit rate higher than 60 mm/yr is found in the eastern part at the depth 
of 20 – 60 km (Figure 4.12). In contrast, the slip deficit rate higher than 40 mm/yr in the western part suggests the 
partial coupling at the depth of 20 – 40 km. The far eastern patches are constrained to be freely creeping for the 
whole periods since there is no observation data. In Period-1 observation data exist only in the western Java, and 
the slip deficit rate estimation can be performed there. The result shown in Figure 4.13 suggest the partial coupling 
with slip deficit rate of ranging 20 – 40 mm/yr at the depth of 20 - 40 km. 
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Table 4.3 Euler pole parameters derived by the block modeling for Period-3 
Model 
Euler Pole Parameters Error Ellipses 
χ2 
Latitude  
(°N) 
Longitude  
(°E) 
Angular velocity  
(°/Myr) 
σmax (°) σmin (°) Azimuth(°) 
Java 52.7 172.8 0.282 ± 0.011 17.65 0.68 62 0.05 
West 
Makassar 
45.6 163.8 0.287 ± 0.020 16.15 0.66 55 0.11 
σmax, σmin, and Azimuth are the lengths of the major and minor axes of the error ellipses, and the azimuth of the 
major axis, respectively. χ2 is the misfit of each block model. 
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Figure 4.9 Fault nodes on the AU-JV fault (magenta circles) located every 100 km along the iso-depth contours 
(blue lines) of every 20 km interval and the other fault nodes (cyan circles) located every 50-200 km 
along iso-depth contours of every 5 km interval until 15 km depth. The contours are drawn based on 
the slab model by Hayes et al. (2012). Blue circles are the observation sites in this study. 
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Figure 4.10 (a) Coupling ratio on the AU-JV fault in Period-3. Blue and magenta vectors show the observed and 
the calculated velocities, respectively. (b) Slip deficit rate on the AU-JV fault in Period 3. Red vectors 
show the observed velocity after removing the rotation component. White vectors show the calculated 
vector due to the elastic deformation. Gray vectors are the residuals. 
(a) 
(b) 
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Figure 4.11 Relative motion between blocks across each fault. The fault parallel rates (right-lateral positive) are 
indicated by colored circles. The numerical values near the colored circles indicate the trench/fault 
perpendicular slip rate (extension positive). Blue vectors across the faults denote the motion of the 
hanging wall relative to that of the footwall. Red lines represent the faults where the coupling ratio is 
estimated while the freely creeping is assumed along black lines. Orange vectors show the estimated 
rotational movements. 
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Figure 4.12 Same as Figure 4.10 but for Period-2.  
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Figure 4.13 Same as Figure 4.10 but for Period-1. 
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4.4. Checkerboard Resolution Test 
In order to validate the result of the inversion by TDEFNODE, I investigate the spatial resolution of the code by 
using checkerboard tests. The nodes in the slab interface are divided into several rectangular patches and their 
coupling ratios are set to be -0.8 and 0.8 in an alternating way. By means of the distribution of the synthetic 
coupling ratios the simulated data are generated by the forward calculations. Random errors having the same 
variance with the actual observations are added to the simulated data, which are then inverted to examine how well 
the given distribution of the coupling ratio is reproduced.  
In Figure 4.14, the distribution of the coupling ratio is reasonably recovered for the patches with the along-arc 
length of 300 km (homogeneous in dip direction), except for the eastern end where no data is available. If I assume 
two patches along dip direction as in Figure 4.15, the code can barely resolve the coupling ratio in the depth range 
from 40 km to 80 km. However, it cannot reproduce the coupling ratio in the shallower part of the AU-JV fault. 
In general, the checkerboard test shows the relatively better resolution in the western and middle parts, while poor 
one in the eastern part.  
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Figure 4.14 Maps showing the distribution of the coupling ratios for the checkerboard tests. Patches with an along-
arc length of 300 km and the whole depth down to 80 km are assumed. Left panels show the synthetic 
distribution, while the right panels demonstrate the results of the inversion. 
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Figure 4.15 Same as Figure 4.14 but for the smaller patches with the same along-arc length of 300 km and the 
depth ranges from 0 to 40 km and from 40 down to 80 km. 
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Chapter 5 
Discussion 
5.1 Rotation of the Sumatra Block 
The plate kinematics around the Sumatra region shows complex interaction. The overriding plate known as the 
Sumatra block is in contact with the Sunda block along the Sumatran fault which bounds the southwestern end of 
the Sunda block. Slip rates estimated from the geological offsets increase from 11 mm/yr in the southeast to 27 
mm/yr in the northwest (Sieh and Natawidjaja, 2000), while those estimated by using GPS observations increase 
from 23 mm/yr to 26 mm/yr (Genrich et al. 2000). An updated geological slip rates yield the slip rate of 14.1 
mm/yr at 2.3°N and 14.5 mm/yr at 0.2°S, while yielding ~15-16 mm/yr slip rate by inverting from GPS 
observations (Bradley et al. 2017). 
The Australian plate is subducting beneath the Sumatra block at convergence rates of 40 to 50 mm/yr in the NNE 
direction, while the azimuths of the surface projection of the slip vectors estimated for the earthquakes along the 
Sumatra trench are 20° to 60° from the north (McCaffrey, 2009). This suggests that a large portion of the plate 
motion is taken up by right-lateral movement along the Sumatran fault between the Sumatra and the Sunda blocks 
to compensate the trench-parallel component of the relative plate motion. 
In this study, both the fault locking and the block rotation are simultaneously estimated by means of the geodetic 
inversion. To examine the impact of using the two different kind of kinematics, the inversions allowing only one 
or both together are performed and compered in Table 5.1. Inversion with allowing the variable locking as free 
parameters from 0 km through 60 km depth (VLF+R+SSU) in the AU-SM fault gives a better misfit of (χv2= 1.90) 
compared to the variable locking with fully creeping constraint at 0 km depth and 60 km depth (VL0+R+SSU model) 
(χv2= 2.98). This confirms that the VLF model is more reliable than the VL0 model (Figure 5.2) for AU-SM fault. 
The misfit of the inversion solving only for the block rotation (R+SSU model) is smaller (χv2= 5.64) than that of the 
variable locking model (VLF+SSU model) (χv2= 11.58). This suggests that the most part of the observed velocities 
is composed by the block rotation. However, the R+SSU model yields incorrect Euler pole parameters since the 
observed velocities are obviously affected by the interpolate coupling and causes larger misfit of slip vectors (χsv2= 
9.52) and slip rates (χsr2= 14.63). 
By using the VLF+SSU model on the Sumatra subduction fault, the calculated convergence rates result in the larger 
misfit of slip vector (χsv2= 27.21) than the model where the rotation is estimated (χsv2= 14.63). The VLF model only 
estimates the variable locking on the Sumatra subduction fault and the Sumatra inland fault without the Sumatra 
block rotation. So in this model, the convergences rate along the Sumatra trench are calculated from the Australia-
Sunda rotation pole.  
The combination of the two, VLF+R+SSU model demonstrates a better fit (χv2= 1.90) compared to those two 
previous models at >99.99% confidence level by using F-test. Same as the equation 3.5, F-value can be written as 
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𝐹 =
𝜒1
2/𝑑𝑜𝑓1
𝜒2
2/𝑑𝑜𝑓2
 (5.1) 
The 𝜒1
2 and 𝜒2
2 are two chi-squared values of the first and second models, respectively, and dof1 and dof2 are those 
degrees of freedom. The test fails to reject the null hypothesis if there is no significant improvement of misfit by 
adding new parameters depending on the models. In this case, the rejection of the null hypothesis would occur 
when the F is larger than the values from the cumulative distribution function at 99.99% confidence level. 
The UL+R+SSU model represented the model that estimates the Sumatra block rotation and the uniform locking 
(UL) on the plate/block boundary. The F-test indicates that the UL+R+SSU model does not significantly better than 
the VLF+R+SSU model with similar misfit of χv2= 1.92 and χv2= 1.90, respectively, even though the fewer 
parameters in the UL+R+SSU model. The model including the homogenous strain (VLF+R+SSU+SSM model) gives 
larger misfit of slip vectors (χsv2= 2.24) compared to the VLF+R+SSU model while it shows better fit to the GPS 
velocities (χGPS2= 1.47). However, the VLF+R+SSU+SSM model is not significantly better than the VLF+R+SSU 
model by F-test. This indicates that there is no active fault in the middle body of Sumatra block. Diament et al. 
(1992) suggested that the Mentawai fault is an active structure, connecting the Batee fault, but Sieh & Natawidjaja 
(2000) suggest that this system is currently inactive. Overall, the VLF+R+SSU model gives the better estimation of 
rotation parameters and the best misfits of slip vector (χsv2= 1.97) and slip rate (χsr2= 1.07). 
The VLF+R+SSU model, generates the Euler rotation parameters of Sumatra block: the pole location of 37.4°S, 
106.8°E, and the angular velocity of 0.371°/Myr clockwise. The major and minor axes of the error ellipse of the 
pole location are 5.32° and 2.40°, respectively, with the angular velocity uncertainty of 0.030°/Myr. This pole 
rotation parameters result in the slip rates along the Sumatran fault of ~9 mm/yr, which is smaller compared to the 
results of McCaffrey (2002), 14 mm/yr and Bradley et al. (2017), 15 mm/yr, while about a half of that of Genrich 
et al. (2000). The geological slip rates increase from 5.5 mm/yr at 5.1°S through 14.1 mm/yr at 2.3°N (see Chapter 
3), while the estimated slip rates in this study increase from 8.8 mm/yr to 9.0 mm/yr (see Chapter 4). The uniform 
slip rates from the longitude of ~101°E to the east and from ~99°E to the west is due to no GPS velocity available 
in this area (Figure 4.7). 
The inversion provides the slip rates on the plate boundary between the Australia plate and the Sumatra block of 
46 mm/yr to 54 mm/yr from west to the east. This result is consistent with that of McCaffrey (2009). The fully 
locking area is distributed between 97°E and 102°E at the depth between 0 km and 60 km (Figure 5.1). This locking 
area overlaps with the rupture area of the 2007 Mentawai earthquake (M8.4) (Briggs et al. 2006) and the 1797 
Sumatra earthquake (M 8.4) (Natawidjaja et al., 2006). To date, there is no large earthquake that occurred in the 
rupture area of the 1797 Sumatra earthquake. Prawirodirdjo et al. (1997) showed that the plate boundary was 
approximately fully locked down to the depth of ~50 km in the south of 0.5°S. In the southern part, the fully 
locking area overlaps with the rupture area of the 2007 Mentawai earthquake (M 8.4). Overall, the strongly 
coupling area matches well with the region of locked prior to 2004 (McCaffrey, 2009). 
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Figure 5.1 Distribution of coupling ratios on the Sumatra subduction fault. Blue and magenta vectors show the 
observed and the calculated velocities, respectively. Polygons with green lines indicate the rupture area 
of the significant earthquakes. 
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Tabel 5.1 Inversion results of Sumatra block model. 
Model χsv² Nsv χsr² Nsr χGPS² NGPS χ² Ndata Np DOF χv² 
VLF+R+SSU 1.97 11 1.07 12 1.47 99 174.76 116 24 92 1.90 
VL0+R+SSU 2.12 11 1.13 12 1.92 99 292.03 116 18 98 2.98 
VLF+R 2.04 11 1.24 12 2.54 99 282.14 116 21 95 2.97 
VLF+R+SSU 
+SSM 
2.24 11 0.44 12 1.48 99 175.20 116 27 89 1.97 
R+SSU  9.52 11 14.63 12 3.98 99 586.24 116 12 104 5.64 
VLF+SSU 40.66 11 27.21 12 5.06 99 1112.10 116 21 96 11.58 
UL+R+SSU 2.02 11 1.11 12 1.70 99 197.77 116 12 103 1.92 
Models: VL = variable locking with subscription F for free parameters, 0 for ϕ = 0 constraints at 0 km and 60 
km depths; R = block rotation, S = homogenous strain considered; UL = uniform locking; Nsv= number of 
earthquake slip vectors; Nsr= number of geological slip rates. NGPS = number of GPS data (including north, east, 
and up velocity components). Ndata= total number of observations. Np= number of unknown parameters. DOF = 
degrees of freedom. χsv² = misfit of earthquake slip vectors divided by Nsv. χsr² = misfit of geological slip rates 
divided by Nsr. χGPS² = misfit of GPS observations divided by NGPS. χ² = total misfit for model. χv² = reduced 
chi-square of models. 
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Figure 5.2 Slip deficit rate on the AU-SM boundary from VL0+R+SSU model. Red vectors show the observed 
velocity after removing the rotation components. White vectors show the calculated vectors from the 
elastic deformation caused by coupling of the block-block and block-plate boundaries. Gray vectors 
are the residuals.  
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5.2 Characteristics of Sunda Block 
The existence of the Sunda block is commonly accepted in the previous studies (Sella et al., 2002; Bock et al., 
2003; Kreemer et al., 2003; Simons et al., 2007). The model of the Sunda block with estimating homogenous strain 
rate (χv2= 1.90) is significantly better than the model without estimating it (χv2= 2.97) at >99.99% confidence level 
by using F-test. The Sunda block contacts with the Sumatra block along the Sumatran fault. The principal strains 
of the Sunda block is estimated as -4.18 × 10-9/yr and 0.13 × 10-9/yr with an azimuth of 72.9°. The inversion did 
not estimate any free parameters on the boundary of the Sunda block except for the Sumatra fault. As already 
stated in the previous section, this fault provides the slip rates of ~9 mm/yr with fully locked constraint from the 
surface down to 15 km depth. 
The model without homogenous strain produces larger residuals (> 3 mm/yr) in the northern Borneo and the 
northern Sumatra, while the model with it results in smaller residuals < 2 mm/yr for all area in the Sunda block. 
The residual in the northern Borneo may be due to some active faults that did not taken into account yet in this 
study. In the northern Sumatra, the large residuals may be due to the postseismic deformation of the 2004 Sumatra-
Andaman Island earthquake (M9.1), which cannot be modeled properly in this study due to the lack of GPS data 
in the northern Sumatra. 
From the residual vectors and the homogenous strain, it is suggested that the undeformed body of the Sunda block 
comprises Indo-china, Borneo, and the shallow water between these islands as already proposed by Simons et al. 
(2007). The common residual vectors (1-2 mm/yr) in the core of Sunda block indicate that there is no elastic 
deformation caused by the block boundary except for the Sumatra subduction fault. The estimated Euler pole 
parameters with acceptable errors demonstrate that the Sunda block is rotating counterclockwise separated from 
the Eurasia plate (Table 4.1). 
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5.3 Interplate Coupling beneath Java Block 
Many previous studies (e.g. Michel et al., 2001; Bock et al., 2003) considered the Java trench as the southern 
boundary of the Sunda block. New approach has been introduced by Koulali et al. (2016) that separates the Java 
block from the Sunda block and regards the Java trench as the southern boundary of the Java block. Historical 
records show that only a few large earthquakes have occurred along the Java trench in the last 100 years. The M > 
7.5 earthquakes that have been recorded in this period are the 1994 (M7.8) and the 2006 (M7.7) earthquakes. Even 
though the total convergence rate across the Java trench is higher than that across the Sumatra trench, this 
subduction zone has shown very low seismic activity. Here we suggest that the slip may be released aseismically.  
Some studies (e.g Simandjuntak and Barber, 1996; Meilano et al., 2012) also indicate the existence of active faults 
in Java Island. In this study, the Sunda block and the Java block are separated by the Kendeng-Baribis fault. This 
boundary is based on the modeled ground shaking scenarios of historical seismic events (M >7) (Nguyen et al., 
2015). On their study, the ruptured segments of the 1780 and 1834 align along the Baribis fault. The Kendeng fault 
is simply as an extension of the Baribis fault to the eastward. The Kendeng fault is expressed geomorphologically 
in East Java by the presence of EW trending belt of hills (Irsyam et al., 2010). 
The impact of each model (R, VL, UL, and their combination) are examined in Table 5.2. To examine the impact 
of using the three different kind of variable locking at 0 km depth in the AU-JV fault, the inversions allowing all 
free parameters at 0 km depth, fully slipping constraints at 0 km depth, or fully locked at 0 km depth are performed. 
The model with locking constraints of 0 at 0 km depth (VL0+R) results a significantly better fit (χv² =3.24) 
comparing to the VLF+R model (χv² = 4.12) which the locking set as free parameters. The slip deficit rates in Figure 
5.3 confirm that the fully creeping constraints at 0 km depth are reliable. The fully locked model at surface (VL1+R) 
yields the smallest misfit of χv² = 2.17. However, the preferred model is the VL0+R since the residual velocities of 
VL1+R model (Figure 5.4) indicate the GPS displacements are related to the rotation.  
The R model results in a significantly better fit (χv² = 1.30) comparing to the VL0 model (χv² = 156.40). This 
suggests that the large portion of the observed velocities is due to the rotation of the Java block. The R model also 
shows better fit of χv² = 1.86 with much fewer free parameters compared to the VL0+R model (χv² = 3.24). The 
small discrepancy of GPS velocity misfit indicates that the impact from the interplate coupling on the Java 
subduction fault is small. However, estimating with the R model may not be sufficient since the observed data are 
affected by the subduction fault locking. The GPS velocity misfit of VL0+R model (χGPS² = 1.48) is far better 
compared to the VL0 model (χGPS² = 125.00). This indicates that the rotation estimation has very large impact to 
yield best modeling. The UL+R model does not provide better fit (χGPS² = 1.75) because of much fewer unknown 
parameters. This indicate that the VL0+R model is more appropriate than the UL+R model. In the case of the 
VL0+R+SJV model, the reduced chi-square is not improved significantly compared to the VL0+R model. The 
principal strains in the Java block are -46.9 × 10-9/yr and 5.6 × 10-9/yr with azimuth of 174.9°. This indicates there 
may be potential active fault system in the core of the Java block. 
The preferred model, VL0+R model yields convergence rates across the Java trench of 65 mm/yr through 74 mm/yr 
(Figure 4.11). These estimates are consistent with those of Hanifa et al. (2014) in the western part but generally 
larger compared to those of Koulali et al. (2016) suggesting an increase from 58 mm/yr in the west to 65 mm/yr 
in the east. Simons et al. (2007) suggested that the convergence rate in the Java trench vary from 67 mm/yr to 70 
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mm/yr. However, this convergence rate was resulted from the relative motion between the Sunda block and the 
Australian plate. In this study, the inversion result shows that the convergence rates are almost fully accommodated 
by the Java subduction fault. Only small parts of the convergence, approximately 0.2 – 0.5 mm/yr are 
accommodated by the Kendeng fault in the east. The fault-normal extensions exists along the Baribis fault (western 
part) from 8.1 mm/yr through 10.9 mm/yr. The fault-parallel component of the Baribis fault varies as 3.0 mm/yr 
of the left lateral sense at 105°E, 0.7 mm/yr of the right lateral sense at 106.1°E, increasing left lateral sense of 0.7 
– 3.2 mm/yr from 106.6°E to 108.2°E, and decreasing down to 2.8 mm/yr around 110.4°E. The Kendeng fault 
demonstrates an average fault-parallel component of 0.3 mm/yr.  
The lateral variation along the Baribis fault is consistent with the convergence rate across the Java trench showing 
more oblique movement in the western part. Thus, in the western part, the right lateral faults dominates in both 
fault system. In the Central Java and East Java, the very small left lateral sense (almost perpendicular) dominates 
the fault system. The fault-normal in the Baribis fault is caused by the Java block rotates more to the south 
compared to the previous study (Koulali et al., 2016). This also may cause the higher slip rates on the western part 
of the Java trench. The Cimandiri fault in the south of Baribis fault takes up the NS compression at ~10 mm/yr 
(Setyadji et al., 1997). This could explain the loss of compression in the Baribis fault. The Kendeng fault in the 
east shows left lateral fault system with very small in values, approximately 0.2 mm/yr. Significant strain rates 
with a small oblique orientation are compatible with a left-lateral strike-slip fault. The fault-normal with a rate of 
1.3 – 2.4 mm/yr in the Trans Borneo faulting is consistent with the West Makassar block rotation which larger rate 
to the east direction compared to the Sunda block rotation. Along the Java subduction fault, the western part shows 
right lateral slip rates of 1.6 mm/yr to 33.8 mm/yr, while 2.5 – 10.6 mm/yr of the left lateral sense in the eastern 
part. This change of the slip rate is consistent with the obliquity of the subduction of the Australia plate. The more 
oblique angle of convergence rate in the western part of the Java trench matches with the right lateral sense (Figure 
4.11).  
The locking distribution in Period-1 (from January 1st, 2007 through September 2nd, 2009) (Figure 4.13) shows the 
similar pattern with the result by Hanifa et al. (2014) (Figure 5.5). The inversion result in this study provides 
partially locked condition in the western part in the depth range from 10 km to 40 km with the rates of 20 – 50 
mm/yr, which is lower than that of Hanifa et al. (2014), 20 – 60 mm/yr in the depth range of 0 – 40 km.  There is 
possibility that the future earthquake rupture propagate to the shallow part similarly to the 2006 Java earthquake 
(M.7.8). From 4 events of historical tsunami earthquakes along the Java subduction fault indicates that earthquake 
can occur in the shallower portion of the subduction fault (Hanifa et al., 2014). In the eastern part, the result shows 
almost the same depth range and the locking distribution with those by Hanifa et al. (2014). The locking rates are 
20 – 60 mm/yr at ~40 km depth. There are some different patterns of slip deficit rate distributions in the area 
shallower than 20 km depth between this study and Hanifa et al. (2014). The inversion of Hanifa et al. (2014) is 
capable to estimate the slip deficit rates in the shallow depth (0 – 20 km) from 104.5° through 106°E, and suggests 
that the significant amount of slip deficit exists. This study, however, indicates the small amount at shallower than 
~10 km since the model in this study is constrained at 0 km depth to be free creeping. If the unconstrained slip 
deficit rate at ~0 km depth is assumed, the slip deficit rate of 0 - 20 mm/yr is revealed suggesting the stronger 
coupling around the shallower part of the plate interface (Figure 5.6). In the shallower area with depth of 0 – 20 
km ranging from 106°E to 108°E, Hanifa et al. (2014) revealed the slip excess distribution, while this study does 
77 
 
not since the postseismic deformation effect from the 2006 Java earthquake (M7.7) has been excluded in the GPS 
velocity data by compensating exponential decay. Overall, by using only 8 GPS sites with a proper smoothing 
parameter based on trade-off curve between the roughness of the slip distribution and the misfit, this study 
demonstrates the more simple slip deficit rate model. 
In Period-2 (from September 3rd, 2009 to April 11th, 2012), the locking distribution in the westernmost part become 
wider than the previous period with almost the same rates of 20 – 50 mm/yr. Owing to the expansion of the GPS 
network in Java Island after 2009, the locking distribution in the east of 108°E can be estimated. The inversion 
result shows the partial locking area in the middle part of the Java subduction fault ranging from 109°E through 
113°E. This area overlaps with the rupture area of the 1994 Java earthquake (M7.8) lying from 112°E to 114°E 
(Abercrombie et al., 2001). The historical records indicates that the 1921 Java earthquake (M7.6) have occurred 
in 110.6°E at 15 km depth (https://earthquake.usgs.gov) which coincides with the locking distribution in Period-2. 
There is a fully locked area in the south of Bali Island with slip rate of 40 - 70 mm/yr. Similar to the western part 
of the Java trench, there is no evidence of large earthquakes with magnitudes larger than 7 in this area. However, 
it is possible that the future earthquakes have longer recurrence time. The most eastern site (CLBR site) which 
located in Lombok Island (Figure 4.12) show the observed velocity (minus rotation of Java block) with NNE 
(north-northeast) direction. This indicates that the slip deficit rates in the south of Bali Island may extend to the 
east of Lombok Island. 
The locking distribution in Period-3 (from April 12th, 2012 to the last epoch) has similarity with that in Period-2 
with an additional deeper locking area. The locking area in the western part decreases slightly down to 20 – 40 
mm/yr in the rather narrower area. This may be caused by the decreasing of the GPS data in the western part and 
by the shorter data period in the western part after the 2012 earthquake (M8.6). The partially locked area in the 
middle part of the Java subduction fault generally propagated to the deeper area with similar rate to the slip deficit 
rates in Period-2 (20 – 40 mm/yr). Regarding the locked area in the south of Bali, temporal variation is obscure 
since only one site remains in Bali Island in Period-3. However, the temporal variation is similar to the result in 
Period-2 with more data in this area. 
The slip deficit rate for 7 years (sum of Period 2 and 3) (Figure 5.7) indicate the elongated locking area that extend 
~600 km in length from the middle to the east of Java Island, which includes the deeper extension of the rupture 
area of the 1994 Java earthquake (M 7.8), and the other in the western part with ~300 km in length. Considering 
the ability of the resolution test, I conclude that the locking areas in Figure 5.6 are potential seismic hazard risks. 
Two patches of higher slip deficit rate look to be divided by the rupture area of the 2006 tsunami earthquake (M7.7) 
and suggest two possibilities: segmentation of the plate boundary, or temporary feature caused by the 2006 
earthquake. As shown in Figure 5.8, the areas with larger coupling ratio are persistent throughout the periods, in 
general, suggesting no significant variations in the spatio-temporal distribution. 
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Tabel 5.2 Inversion results of Java block model. 
Model χsv² Nsv χGPS² NGPS χ² Ndata Np DOF χv² 
VL0+R 1.44 4 1.48 108 207.34 112 48 64 3.24 
VLF+R 1.45 4 1.62 108 206.02 112 62 50 4.12 
VL1+R 1.26 4 1.05 108 138.87 112 48 64 2.17 
VL0+R+SJV 1.29 4 1.87 108 255.70 112 51 61 4.19 
R 1.30 4 1.78 108 197.33 112 6 106 1.86 
VL0 156.40 4 125.00 108 13818 112 45 67 206.24 
UL+R 1.57 4 1.75 108 276.79 112 8 104 2.66 
Models: VL = variable locking with subscription F for free parameters except at 80 km (ϕ = 0), 0 for ϕ = 0 
constraints at 0 km and 80 km depths, 1 for ϕ = 1 constraints at 0 km depth; R = block rotation, S = homogenous 
strain considered; UL = uniform locking; Nsv= number of earthquake slip vectors; NGPS = number of GPS data 
(including north, east, and up velocity components); Ndata= total number of observations; Np= number of 
unknown parameters; DOF = degrees of freedom; χsv² = misfit of earthquake slip vectors divided by Nsv; χGPS² 
= misfit of GPS observations divided by NGPS; χ² = total misfit for model; χv² = reduced chi-square of models. 
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Figure 5.3 Slip deficit rate on the AU-JV fault in Period 3 from VLF+R model. Red vectors show the observed 
velocity after removing the rotation component. 
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Figure 5.4 Slip deficit rate on the AU-JV fault in Period 3 from VL1+R model. Red vectors show the observed 
velocity after removing the rotation component. 
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Figure 5.5 Slip deficit rate in the western part of the Java subduction zone. (a) Obtained in this study. Magenta 
circles are the nodes on the slab interface. Cyan circles are the location of GPS stations. (b) Obtained 
by Hanifa et al. (2014). Red squares are the GPS stations. Black line rectangles are patches which 
estimation is larger than the error. Magenta rectangle shows the coseismic rupture area of the 2006 Java 
earthquake (M 7.8) (after Hanifa et al., 2014). 
  
(b) 
(a) 
82 
 
 
Figure 5.6 Slip deficit rate on the AU-JV fault in Period 1 with unconstrained coupling ratio for all depths except 
at 80 km (f = 0). Red vectors show the observed velocity after removing the rotation component. White 
vectors show the calculated vector due to the elastic deformation. Gray vectors are the residuals. 
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Figure 5.7 Slip deficit rate on the AU-JV fault through Period 2 and 3. Two areas surrounded by blue lines indicate 
the rupture zones of the 1994 Java earthquake (M 7.8) and the 2006 Java earthquake (M 7.7). 
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Figure 5.8 Slip deficit rate contours on the AU-JV fault. Red, purple, and blue lines indicate the slip deficit contours 
in Period 1, 2, and 3 respectively. 
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Chapter 6 
Conclusions 
The combination of campaign and continuous GPS observations in the Southeast Asia reveal the long term block 
rotations and elastic deformation near the block boundaries. The results in this study suggest a model of block 
motion based on the GPS velocity fields that comprise the Sumatra, Sunda, Java, and West Makassar blocks in and 
around Indonesia. I summarize the conclusion derived in this study as follows: 
1. The Euler pole parameters of the Sumatra and Sunda blocks are estimated showing the locations at 
(37.4°S, 106.8°E) and (46.2°N, 89.4°W), respectively, and their angular velocities of 0.371°/Myr 
clockwise, and 0.327°/Myr counter clockwise, respectively. These parameters result in the slip rate of the 
Sumatra fault with magnitude of ~9 mm/yr.  
2. The Euler pole parameters of the Sunda block are successfully estimated with good estimation errors 
among the previous studies and this confirms that the block is rotating separately from the Eurasia plate. 
The parameters are quite similar to that estimated by Simons et al. (2007) but more reliable since I adopted 
the careful inversion based on the statistics. 
3. The distribution of slip deficit rate on the Sumatra subduction fault is characterized by fully locking in 
the area between 97°E and 102°E in the depth range from 0 km to 60 km, which overlaps with the rupture 
area of the 1797 Sumatra earthquake (M8.4) and the 2007 Mentawai earthquake (M 8.4). 
4. The homogenous strain estimated in the Sunda block explains the velocity field much better than without 
it and yields the residuals smaller than 2 mm/yr.  
5. The distribution of slip deficit rate on the Java subduction fault demonstrates consistent deformation 
pattern throughout the period studied. In the first period from January 2007 to September 2009 a partially 
locked area is detected in the western part in the depth range from 10 km to 40 km with the rates of 20 – 
45 mm/yr, which increased in the second period from September 2009 to April 2012 by about 10 mm/yr, 
and then decreased in the third period from April 2012 to December 2016 by about 10 mm/yr. The 
partially locked area in the middle part is revealed with the rate of 20 – 50 mm/yr and overlaps the rupture 
area of the 1994 Java earthquake (M7.8). 
6. A fully locked area exists in the south of Bali Island with the slip deficit rate of 40 - 70 mm/yr even though 
there is no evidence of large earthquake that have occurred in the last 100 years. 
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Appendix A 
Time series of Indonesian Permanent GNSS Stations Network 
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Appendix B 
Time series of Sumatran GPS Array 
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Appendix C 
Trade-off Curve 
 
Figure 1 L curve result for the smoothing of the locking in block modeling for 1994-2004. 
 
Figure 2 L curve result for the smoothing of the locking in block modeling for 2007-2016. 
